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CHAPTER-1 
I 
1.1. Polymer and polymerization 
A polymer is a long chain and high molecular weight molecule 
built up by repetition of small, chemical units. These small and simple 
repeating units are called monomers. The process by which the mono-
mers molecules are linked together to form a big polymer molecule is 
called polymerization. It was realized that the polymer molecules are 
many times larger than those of organic substances. The number of repeat 
units present in a polymer molecule decides the size of a polymer 
molecule. This number denotes the degree of polymerization (Dp). A 
single rpolecular chain commonly contains a thousand or more repeat 
·units and reaches- a total length in excess of 1 ~tm. The atoms which form 
the hackhone of organic polymers are predominantly carhon, sometimes 
in combination with oxygen and/or nitrogen [1]. The basis for the 
formation of such high molecuiar weight compounds is the formation of 
covalent bonds between monomers of san1e or different types. Primary 
chemical bonds along polymer chains are entirely satisfied. The only 
forces between molecules are secondary bond forces of attraction, which 
are weak relative to primary bond forces. The high molecular weights of 
polymer allow these forces to build up enough to impart excellent 
strength, dimensional stability and other mechanical property to the 
substances [2]. 
The process of polymerization as classified by Flory [3] and 
Carothers [4], falls into two groups (i) condensation (step reaction) and 
(ii) addition (chain reaction) polymerization. 
1 
1.1.1. Step polymerization 
Step polymerization involves successive reaction between pairs of 
mutually reactive functional groups present in the monomers. Step poly-
merization is generally accompanied by the elimination of small mole-
cules, such as H20, C02 etc. As the reaction takes place step wise, the 
chain length increases slowly and high molecular weight polymer is 
formed only towards the end of polymerization. Polymers resulting from 
step reaction polymerization may contain atom other than carbon in their 
backbone, hence, they are heterochain polymers [ 5, 6]. 
I. 1.2. Additio,n polymerization 
Chain polymerizatis:m is carried out by addition of the monomer 
molecule itself or another similar molecule very rapidly through a chain 
reaction. At the completion of the reaction no byproduct is formed and 
the product have the same elemental compos ilion as that of the monomtir. 
Chain reaction is very rapid and high molecular weight polymers are 
formed in the early stages of the polymerization. Polymers made by chain 
polymerization contain only carbon atoms in the backbone a..11d, hence, 
they are called homochain polymers [5,6]. 
1.2. Polymer classification 
Polymers can be classified into different groups depending on 
origin, physico-chemical properties, thermal behavior, backbone, 
chemical structure and applications etc as evident from figure-1.1. 
1.3. Polymer properties 
There are several factors that determine and affect the physical and 
mechanical properties of a polymer such as molecular weight and its 
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distribution, the secondary valency forces, polymer configuration and 
conformation, and nature of chain packing of molecule etc. These factors 
also influence the crystallizability and crystallinity of polymer, which in 
turn along with other factors, influence physico-mechanical properties 
such as impact and tensile strengths, melting point, viscosity and solution 
properties of polymers etc. 
1.3.1. Shape of the polymer raoLecules 
As a matter of fact, ail macromolecules show rubber elasticit>' 
above their softening temperatures. Tlie shape of a polymer affects the 
resistance of its plastic deformation to a great exient. It has been observed 
that the unsymmetrical polymers have greater resistance to the plastic 
deformation than symmetrical polymers have. It is due a greater force of 
attraction in unsymmetrical polymer which holds the chain together than 
in symmetrical polymers. For example polyvinyl chloride (unsymmetri-
cal polymer) has a greater resistance to the plastic deformation than that 
of polyethylene (symmetrical polymer) [ 7 | 
1.3.2.Degree of polymerization 
The mimber of repeat units (or mers) present in one molecule of a 
polymer is known as degree of polymerization and is abbreviated as D.P. 
It has been observed that the substances in which degree of polvirien-
zation is less than 20 are liquids at room temperature. Similarly, the 
substances in which degree of polymerization is between 20-100 are 
greasy at room temperature. The substances in which the DP is more than 
1000 are solids at room temperature [7]. 
1.3.3. Thermal transition in polymers 
It has been observed that the polymers are hard, rigid, and glass like 
materials at a very low temperature. The temperature at which the 
amorphous polymers undergo this change in characteristics, is known as 
glass transition temperature (Tg). They show limited elastic deformation 
and fracture in a brittle manner below Tg. But as tlie temperatuie is 
raised, above Tg, they gradually deform under the applied load. The 
cr\'stalline melting temperature (Tm) is the melting temperature of the 
crystalline domain of a polymer. Completely amorphous polymer 
exhibits only T„ whereas a completely crystalHne polymer shows only T,„. 
Most pohmers undergo only partial crystallization at T ,^. These semi-
crystalline polymers exhibit both the crystalline melting point (Tm) and 
the glass transition temperature (To). 
Several structural parameters affect the T^ of a crystalline polymer. 
1 he higher is the molecular weight of a polymer, the higher is the crysta-
lline melting temperature. Regularity in the polymer backbone also leads 
to higher melting temperature. For example, isotactic polymer melts at 
higher temperature than its atactic counterpart. I lomo-polym.ers melt at 
higher temperature than copolymers while alternating or block copolymer 
melts at higher temperature than its random iiiterpart. Tlie glass transition 
temperature (Tg) may be related to the crystallme m.elting temperature 
(Tm) by one of the following relationship depending on the symmetry^ of 
the polymer. 
For the unsymmetrical polymers, the relation is-
T,= 2TJ3 (I) 
whereas for the symmetrical polymers, the relation is-
T„ = 1J2 (2) 
The difference in the two relationships may be explained on the 
basis of the fact that an increase in symmetry lowers tlie glass transition 
temperature. Glass transition temperatures of a few polymers are given in 
table-1.1 [8]. 
1.3.4. Crystallinity 
The concept of micelle formation in natural fibers was first 
expressed by C. Nagele in 1958, but since most ninteentli century/ scientist 
preferred to consider polymers as aggregates of molecules (colloids) 
rather than as individual giant molecules, the existence of polymer crystal 
was deemphasized until 1917 when H. Ambronn suggested that cellulose 
nitrate fibre had crystalline characteristics. In 1920 R. Herzog and M. 
Polanyi used X-ray dilTraction technique to show the presence of 
crystallites in flax fiber [9]. 
Cr>'stalline state consists of definite cr '^stalline region (called 
cny'Stailites) embedded in an amorphous random matrix. As a matter of 
fact, the poI>Tners are rarely crx'stalline in stnicture. But some polymers 
have grains of about 10 nanometer (10"^ ) in size, which have an ordered 
three-dimensional stRicture. Polymers with a long repeatmg units of two 
or more monomers do not necessarily occur in a regular sequence, so they 
are more likely to be non-crystallme. 
The properties of a polymer such as density, modulus, hardness, 
penneability and heat capacity will be largely affected by its crystalline 
[8]. Partially crystalline pol>'mer will exhibit different properties for its 
Table-1.1. Glass transition temperature (Tg) of some important 
polymers. 
Polymers 
Polyethylene 
Polystyrene 
Polymethylmethacrylate 
Polyacrylonitrile 
Polyvinylacetate 
Polyvinylchloride 
Polypropylene 
Tgrc) 
-125 
100 
105 
98 
30 
82 
-18 
crystalline and for its amorphous regions. For instance, the density of the 
crystalline region is higher than that of the amorphous region. Ultimately, 
it has been observed that the several properties of polymers depend upon 
tiie percentage of crystalline region present in tlie bulk, lo illustrate this, 
let us consider the example of Young's modulus values against 
cr>'stallinity as shown in schematic diagram in figure. 1.2. The graph 
clearly shows that the characteristics low value of an amorphous polymer 
steeply increases with increase in crj'stalline component in the polymer. 
Extensive work with condensation polymers and copolymers confirms the 
importance of structural regularity on crystallization tendency. Thus, 
copolymer containing regularity in alteration as in ABABAB type or 
block type, show a distinct tendency to crystallize whereas corresponding 
copolymers with random distribution of the two monomers are 
intrinsically amorphous, less rigid and of lower melting point and have 
greater solubility. 
The effect of substituent on polymer properties depends on the 
location, size, shape and mutual interactions of the aliphatic substituents. 
Their bulky size retards crystallization and promotes rigidit>' because of 
increased interchain distances. Thus polymers containing bulky aliphatic 
substituents from ethyl to hexyl tend to lower the tendency for 
crystallization, since they increase the average distances between chains 
and decrease the contributions of secondary bonding forces. A 
comparison of the properties such as density, hardness, tensile strength, 
and flexural modulus of two samples of polyetliylene A and B (where 
sample B is more crystalline than A) was shown in table-1.2. A combined 
8 
Table 1.2. Mechanical properties of two polyethylene samples 
of different Crystallinity. 
Properties Sample A Sample B 
(less crystalline) (highly crystalline) 
Density 0.917-0.932 0.952-0.965 
Hardness,. shore D 44-50 66-73 
.. 
Tensile strength 83-314 221-310 
(105pa) 
Flexural modulus 241-331 1000-1551 
(106Pa) 
9 
effect of the molecular weight and crystalline on the physical properties is 
shown in figure. 1.3. 
Factor that contributes to the inherent crystalline amorphous 
structure of polymers are chain flexibility, intermolecular forces, 
structural regularity and steric effects. Polymer containing regularly 
spaced single C-C, C-N and C-0 bonds allow rapid conformational 
changes that contribute to the flexibility of a polymer chain and the 
tendency towards crystal formation e.g. linear polyethylene, poly-
phenylene, polyvinylchloride. Chain stiffness may also enhance 
crystalline formation by permitting only certain well-ordered confor-
mations to occur within the polymer chains. The presence of regularly 
spaced carbonyl (-C=0), amine (-NH2), amide (-CONH2), sulfoxide 
(-SO2) and alcohol (-0H) moieties on polymer backbone promotes 
crystallization that permits strong intermolecular interchain associations 
[9]. 
1.3.4. Molecular weight 
Polymer molecules are found to be different from simple chemical 
compound, which contains molecules each of same molecular weight 
(monodispersed). Whereas a polymer contains molecules each of which 
can have different molecular weights (polydispersed). Hence, the 
molecular weight of polymer is expressed as an average value. For 
example, ethylene gas has a fixed molecular weight of 28. But when it is 
polymerized to polyethylene, it gives molecule of different chain lengths 
and hence, of different molecular weights (-CH2-CH2-)n depending upon 
the value of n. This is so because when ethylene is polymerized to 
10 
%Crystallinity 
Figure- 1.2. Dependence of Young's modulus on crystallinity, 
in a sample of natural rubber. 
I 
Nonpolymeric r 
I 
Hard, brittle I Hard, strong, stiff 
I 
-----~--
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limp, flexible 
< 1000 1000-I 0000 >10000 
Molecular weight 
Figure- 1.3. Dependence of physical properties of polymers 
on their molecular weight and crystallinity 
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polyethylene a number of polymer chains start growing but all of them do 
not get terminated after growing to the same size. We see that three 
molecules have different sizes and different molecular weights but they all 
are polyetliene. 
R-(-CH2-CH2-)5oo-R (molecular weight-14,000) 
R-(-CH2-CH2-)550-R (molecular weight-15,400) 
R-(-ai2-CIl2-)6oo-R (molecular weight=i 6,800) 
The properties of the pol>Tner such as melt viscosit>', impact 
strengtli or tensile strengtli is directly dependent on tlie molecular weiglit 
of the polymer or its degree of polymerization. Tensile strength and 
impact strength increase with increase in molecular weight up to a point 
and then it levels off as evident from figure. 1.4 [10]. The melt viscosity 
of polymers however shows a different trend. The meh viscosity rises 
more steeply at higher molecular weights than at low molecular weights 
as shown in figure. 1.5. A commercially usefiil pol^ -mer is one, which 
exhibits good strength but low melt viscosity to permit ease of processing. 
1.4. Polymers as insulators 
It has been observed the poijiners are extremely pcKir conductor of 
electricity at room temperature. Tliey possess good insulation resistance 
and high dielectric constant (or permeability), that is why polymers are 
extensively used as insulating as well as dielectric materials. They are also 
applied on wires and cables to obtain a uniformly thin coating of 
insulating material. 
1.5. Electrically conducting polymer 
Polyconjugated carbon chains consist of altemating single and 
12 
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Tigure-1.4. Dependence of mechanical properties on molecular weight. 
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Figure-1.5. Dependence of melt viscosity on molecular weight. 
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double bonds as presented in figure. 1.6. The 7i-electrons is highly 
delocalized and easily polarizable, which play an important role in the 
electrical and optical properties of poly conjugated systems. 
The behavior of polyconjugated systems is rather different with 
respect to conventional polymers. In case of latter materials (e.g 
polyethylene), the number of monomer units in a chain mounts up to 
several thousands or even millions. In many cases, conventional 
polymers are soluble in solvents, melt processible, highly tractable etc. 
On the other hand, polyconjugated systems have a few hundreds of 
monomers in a chain. The alternating single and double bonds make the 
chain rather stiff with respect to nonconjugated chains. As a result, 
polyconjugated systems are not soluble and tractable, unless side groups 
are introduced in the main chain or dopant ions are introduced to impart 
solubility and processibility. These aspects are reflected in the processi-
bility, mechanical, electrical and optical properties of polyconjugated 
systems. The combination of electronic and optical properties of the 
semiconductors with die mechanical properties and the processibility of 
the polymers makes conjugated polymers rather unique and potentially 
useful for a wide array of applications [11,12,13], 
1.6. Doping 
As pristine conjugated polymers do not contain intrinsic charge 
carriers, charge carriers must be provided extrinsically, typically by 
charge transfer process, generally called 'doping'. Doping of conducting 
polymers involves random dispersion or aggregation of dopants in molar 
concentrations in the disordered structure of entangled chains and fibrils. 
14 
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Figure-1.6. Structure of some conjugated polymers 
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The dopant concentration may be as high as 50%. Also, the incorporation 
of the dopant molecules in the quasi-one-dimensional polymer systems, 
considerably disturbs the chain order leading to reorganization of the 
polymer [14]. Ihus, tlie ultimate electrical conductivity of a polymeric 
semiconductor depends on several factors such as, nature and concen-
tration of dopant, homogeneity of doping, carrier mobility, cr>'stalline, 
morphology of polymers etc. 
Doping of inorganic semiconductors generates either holes in 
the valence band or electrons in the conduction band. On the other hand, 
polymer doping leads to the formation of conjugational defects viz. 
solitons, polarons and bipolarons in the polymer chain [15]. X-ray 
diffraction study on iodine-doped polyacetylene shows that the C-C bond 
length of polyacetylene chain increases with donor doping but decreases 
on acceptor doping [16J. 
1.6.1. Types of doping agents 
Doping agents or dopants are either reducing agents or oxidizing 
agents [17,18]. They may be neutral molecules and compounds or inor-
ganic salts which can easily form ions. Thus, dopants may be classified 
as neutral dopants, ionic dopants, organic dopants and polymeric dopants. 
1.6.2. Doping techniques 
Doping of polymers may be carried out by the following methods 
such as gaseous doping, solution doping, electrochemical doping, self-
doping etc. Out of these, the first three methods are widely used because 
of convenience and low cost. 
16 
In the gaseous doping process, the polymers are exposed to the 
vapors of the dopants under controlled pressure in absence of air and 
moisture. The extent of doping in polymers may be controlled by 
controlling temperature, vapor pressure and time of exposure. Solution 
doping process involves the exposure of polymers to the solution of 
dopant under controlled conditions. 
In electrochermcal doping technique only ionic type dopants are 
ased as the electrolyte dissolved in polar solvents, such as the 
nitromethane, acrtonitrile, dichlorometliane, tetrahydrofiiran etc. 
Simultaneous polymerization and doping may also be achieved by this 
technique [19]. 
Self-doping does not require any external doping agents. In the 
self-doping technique, the ionizable groups in the polymer chains act as 
the dopants ibr the polymer, e.g. sulfonate group of poly (3(2-elhane 
suIfonate)thiophene) [20]. 
In radiation induced doping, high energy radiations such as T-ray 
electron beam or neutron radiations are used for doping of polymers by 
neutral dopants, eg. Y-rays irradiation in tlie presence of SFe [21] gas or 
neutron radiation m the presence of I2 has been used to dope 
polythiophene [22]. 
1.6.3. Mechanism of doping in polymers 
Conjugated organic polymer shows a large increase in their 
electrical conductivity on ion injection by chemical or electrochemical 
means. The conjugated backbone provides an orbital system capable of 
giving mobility to charge carriers. This process involves electron-transfer 
17 
reaction, either oxidation in which an electron accepter removes an 
electron from polymer or reduction in which polymer receives an electron 
from an electron donor. The conducting polymer is, thus, called asp-type 
doped in the former whereas n-type in the latter case and the process is 
called 'doping' in poor analogy \vith silicon technology. 
1.6.3.1.0xidation (p-type doping) 
Polymer+ dopant = (doped polymert + dopanC ........ (3) 
1.6.3.2. Reduction (n-typc doping) 
Polymer+ dopant = (doped polymer)-+ dopant ....... (4) 
In doped polymers, charged solitons are formed which are spinless. 
A reducing agent, (n-type aoping agent) introduces an electron to the 
polymer chain and a negative soliton with zero spin is formed. Similarly 
an oxidizing agent (p-type doping agent) abstracts an electron from the 
polymer chain and a positive spinless soliton is formed. This may be 
illustraded by taking the example of polyphenylene (fig l. 7 & 1.8). 
1.6.4. Influence of doping on conductivity 
The ex1ent of enhancement ~f electrical conductivity of polymer 
primarily depends on the chemical reactivity of the dopant with the 
polymer and vice versa. Same dopant may not be effective for different 
polymers. eg. iodine inhances the conductivity of polyacetylene by 10-12 
order of magnitude, but it fails to dope polyphenylene sulphide or 
polyparaphenylene because of its weak oxidizing ability [22] 
1.7. Conduction in polymers 
Organic polymers have electrical conductivity about eighteen 
orders of magnitude lower than that of metals and the polymers falls at the 
18 
(i) An unstable diradical with spin and without charge. 
(ii) A stable polaron 'p-type' with spin and charge. 
(iii) A stable bipolaron 'p-type with charge and without spin. 
Electron Acceptor 
(iv) A stable polaron 'n-type' with spin and charge . 
. ·-
(v) A stable bipolaron 'n-type' with charge and without spin. 
Figure- 1. 7. Formatio_ll__!:l!.P~!a~ons and bipolarons in 
polyparaphenylene !on reaction with oxidizing 
and reducing agents. 
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I 
I 
S 
c 
o 
H 
'B 
Dopant Concentration, x (arb. units) 
Figure-1.8. Schematic representation of formation of polarons and 
bipolarons with increasing dopant concentration (x) and its 
impact on electrical conductivity and spin concentration of 
the polymer. 
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lowest electrical conductivity end with polyethylene, 
polytetraflouroethylene and polystyrene being the best insulators [1]. 
Electrical conductivity of some important materials is shown in figure. 1.9. 
Electrical conduction may occur through the movement of charge-
carriers. The basic equation used for the conduction process is 
a = q n ^ (5) 
where a = conductivity, q = charge on charge carriers, n = concentration 
of charge carriers and ji = drift mobility of charge carriers. Drift mobilit>' 
characterizes the ease with which the charge carriers will move under the 
influence of applied electric field. There are several carriers, which 
contributes to the conductivity of the material such as electrons and holes 
in the electronic conductors and cation and anion pairs in ionic 
conductors. 
In most polymeric materials, it is very difficult to observe any 
electronic conductivity at all but their conductivity depends on the 
movements of adventitious ions only, ilius the highly conducting 
polymers have been made which exhibits electronic conductivity. The 
enthusiasm for the search and discovery of the organic slruclures which 
conduct electronically owes much to the biologist Szent-Gyorgyi [23] 
who speculated about the role of semi conduction in living systems. But 
eventually semiconduction failed in living cells. In mean time, the 
chemists had been led by the work to the conjecture that the organic com-
pounds where electrons are extensively delocalized in the molecules, there 
might be enhanced conductivity. In 1948, Eley [24] demonstrated 
conduction in the phthalocyanines. There was still no inherently 
21 
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Figure-1.9. Conductivities of various elements, compounds and polymers. 
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conductive polymer which have high electronic conductivity, which also 
exhibits the necessary mechanical properties to make the truJy conductive 
plastic material. The first conducting polymeric material was prepared by 
dispersing a conductive element, like a metal or carbon black, in an insu-
lating polymer. Mechanism which have been employed to explain the 
electrical conductivity of organic materials include ionic conduction, band 
type conduction, hopping conduction, excitonic conduction and quantum 
mechanical tunneling between metallic domains [25,26], 
1.7.1. Ionic conduction 
The evidence for ionic conduction is the detection of the product of 
electrolysis products formed due to discharge of ions as they arrive at the 
electrodes. Ionic conductivity detected to be a very low in polymer i.e. 
For extremely low conductivity materials, there are experimental 
difficulties in measurements. On application of a step voltage across a 
specimen, the initial current may be dominated by a displacement current 
due to polarization of the material. Since, some dipole orientation that 
may be verj' slow to reach equilibrium, the displacement current can 
swamp a small conduction current for a long time. Taking into account 
the drift characteristics of practical measurement system in extreme cases, 
a steady current reading will never be obtained and a direct measurement 
of conductivity will not be possible. On the other hand, very slow degree 
of ionic impurities may have a significant effect on conductivity, 
ki some instances, evidence favoring ionic conduction is provided by a 
strong correlation between dielectric constant and conductivity, which is 
23 
explained by the reduction of the coulombic forces between ions in a high 
dielectric constant medium. Further evidence of ionic conduction may be 
obtained from studies of the dependence of current on ^plied voltage. 
Altliough, it is not possible to identify the ions experimentally, the ions 
may have been derived from fragments of polymerization catalyst, 
degradation and dissociation products and absorbed water. On this basis, 
a polymer such as PVC, most probably, may contain IIsO^, Na^, K^ 
cations and OH", CI", Br"anions. Most common feature in polymer is the 
change in temperature dependence of conduction as tlie temperature is 
raised above the glass transition region. 
Electrostatic problem on insulating plastics are often alleviated by 
the use of antistatic agents. These are surface active chemicals which 
form a thin layer on the outer surface of the plastics, moulding fibns etc. 
Sometimes, antistatic agents are applied directly lo a surface by dip or 
spray method. Again more permanent and durable protection against 
static charges can, sometimes, be obtained by the incorporation of an 
ionic polymer. 
1.7.2. Electronic conduction 
Electronic conduction in polymers can be brouglit about by the 
electrons and/or holes. There are various models and mechanism to 
account for electronic conduction in these materials such as band model, 
hopping and tunneling conduction as well as percolation mechanism. The 
ability of materials to conduct electricity varies widely allowing their 
classification into good conductors (metals), semiconductors and 
nonconductors (insulators) and can be explained by using band theory. 
24 
1.7.3. Band theory 
When two hydrogen atoms come together so that their 1 s atomic 
orbital overlap and two new sigma molecular orbital are formed. In 
bonding orbital, electrons have lower energy than the energy of an 
isolated atom while in the antibonding orbital, an electrons have higher 
energy than the energy of an isolated atom (Figure-1.1 0). Two electrons 
from the hydrogen atoms may pair in the bonding orbital to give a stable 
molecule with total energy less than the sum of the sum of the energies of 
two isolated atoms. If may hydrogen atoms are considered, sets of energy 
level split to· fonn two continuous energy band~ caiJed the valence band 
. ' 
and conduction band (Figure-1.11 ). The energy difference between the 
top of the valence band and the bottom of the conduction band is known 
as the band gap (Eg) (Figure-1.12). 
An electron must obtain su1Ticient energy to promote it to lhe 
conduction band for conduction to occur. At absolute zero temperature, 
the bands below the energy gap (Eg) are completely filled while 
conduction band is empty. In this situation, the current conduction is not 
possible. Conduction in empty conduction band does not occur because 
there are no current carriers while conduction can not take place as there 
is no higher energy level available tor the electrons to occupy upon 
acceleration in completely filled band. If the temperature is raised above 
absolute zero, thermal agitation increases and some valence electrons gain 
sufficient thermal energy to jump into the conduction band. Once 
electrons reach the conduction band, they can be accelerated to the higher 
energy states available in the conduction band and therefore, conduction 
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Figure-1.10. Splitting of energy levels of hydrogen atom. 
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occurs. The electrons in the conduction band are called free electrons and 
their former location in the valence band are called holes. These vaca-
ncies in the valence band allow conduction in the valence band as well. 
Iherefore, current carriers in this case are electrons as well as holes 
moving in opposite directions. Forbidden gap between the top of the 
valence band and bottom of the conduction band determines whether a 
material will behave as an insulator, a semiconductor or a conductor. For 
insulators the band gap is large and promotion of the electron to the 
conduction band is not possible by thermal means or an application of 
voltage. 
With semiconductors, the band gap is moderate and limited con-
duction occurs. For a conductor the, valence band and the conduction 
band overlap i.e. band gap does not exist and electron pass easily to the 
conduction band without ihe need lor the promotion of electrons across 
the band. This is shown schematically in (Figure-1.13). 
hi metals, the conductivit>' decreases slightly with increasing tem-
perature, because the lattice vibration scatters electrons and their mobility 
goes down at higher temperature. Although, the mobility of charge 
carriers decreases with temperature in case of silicon. For tlie same 
reason the overall conducti^ /ity increases with tem_perature due to steep 
rise in carrier concentration. 
1.7.4. Hopping and tunneling conduction 
Disorders in lattice affect both the energetic and spatial distribution 
of electronic states. For a random distribution of atoms ttie density of 
electronic energy states tails and the electrons in these tails are localized. 
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Metal Semiconductor Insulator 
Figure-1.13. Band structure of (i) Metal, (ii) Semiconductor and 
(iii) Insulator. 
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Then, there are intermediate ranges of electronic energy states in which 
mobihties are verv low. Conduction occurs when electrons are excited to 
higher energy states in which mobility of electrons are higher. Conduction 
via localized electrons implies discrete jumps across an energy barrier 
from one site to the next. An electron may either hop over or tunnel 
through the energy barrier. The mechanism of this conduction depends 
upon the shape of the barrier and the availability of thermal energy. This 
thermally activated type of mobility will increase with temperature 
(Figure-1.14 and Figure-l. 15). 
The mechanism discussed above accounts for conduction in highly 
ordered materials only. However, the electrical conduction through bi-
phasic systems (inhomogenous systems) in which only one phase is 
conducting, depends on the concentration of conducting phase. 
Therefore, a sharp rise in electrical conductivity is observed at a CTitical 
concentration of conducting phase, the percolation threshold. The 
percolation model successfully describes the nature of electrical 
conductivity in conducting oamposites of conducting and non-conducting 
polymers [27]. 
1.7.5. Percolation theory 
The term "percolation" has been used to describe the discontinuous 
conductivity behavior of carbon black filled compounds. It is widely 
known fact that the conductivity of a compound filled with carbon black 
does not increase in a linear fashion with the concentration of conductive 
carbon black added. It happens tliat tliere is a sudden increase in 
conductivity that does not take place until a certain characteristic 
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concentration, the "critical volume concentration", is reached, where as 
continued addition of carbon black after this point once again brings only 
a gradual increase. This behavior has been called percolation. The 
"percolation behavior" of carbon blacks shows a dependence on the 
specific surface area. Carbon black with a large surface area displays a 
much lower percolation point [28]. 
Percolation theory is a statistical approach to explaining the shape 
of the conductivity' curve in carbon-black compounds. Percolation theory' 
proceeds from a statistical distribution of the carbon-black particles, 
which corresponds to the maximum of entropy. It thus denies any inter-
action between matrix and carbon-black particles. As the concentration of 
carbon black increases, the carbon-black particle inevitably become closer 
together and at Oc they are finally sufficiently close together or even 
touching, with the results conductivity bridges form [29]. 
1.8. Conducting composite 
To meet the demand of materials of improved performance, 
commercial polyTiiers are alw a^ys mixed together v/ith various additives of 
monomeric or polymeric in nature. It is aimed that the additives will act 
synergistically with the polymer and will meet the combined requirements 
of a particular apphcation. The simplest conducting composite consists of 
a tine metal powder dispersed uniformly throughout an insulating plastic 
matrix. Metal powder composites become unsatisfactory for many 
applications because the electrical conductivity could be achieved on the 
case of mechanical properties. Thus, a common requirement for 
composite materials is to use them as antistatic materials which have good 
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plastic properties, sufficient conductivity required to allow the charges to 
leak away and sufficient resistivity to prevent dangerous shocks. 
The art of making a good conducting composite is to be able to use 
the minimum quantity of conductive component to achieve the required 
degree of electrical performance. Electrical conductivity in polymers for 
example, in natural rubber, was first reported in 1800s when enhanced 
electrical conductivity was observed in natural rubber on incorporation of 
carbon black [30]. There are several t>'pes of conducting composites but 
two of tliem are most commonly used viz. conducting fiber composite and 
carbon black composite. 
1.9. Degradation and stabilization of conducting polymer 
"Polymer degradation' is characterized by uncontrolled change in 
molecular weight or constitution of a polymer; however, the term 
"degradation" is generally taken to mean a reduction in tlie molecular 
weight of a polymer. The deterioration of useful polymer properties of 
polymer may also be called as "degradation". The presence of reactive 
sites in polymer (eg- superoxide, defects, chemically reactive group etc) 
may degrade the polymer properties [31-34]. 
The pristine conjugated polymers have been reported to contain 
electronic spins, originating from inter-chain cross-linking, formation of 
polynuclear structure, and so on. The inter and intra chain reactions 
between these reactive site can alter the chemical structure of conductive 
polymers even when they are pure, affecting their dopability and hence, 
the electroactivity. I'he involvement of oxygen is the first step in tlie 
auto-oxidation of a conducting polymer by catalyzing the formation of 
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charge transfer complex with oxygen by producing hydro peroxides 
provided ionization potential of polymer is low enough. 
P-type doped polymers may be expected to be stable towards 
oxygen but prone to the degradation effect of doping counter ion 
depending upon oxidizing ability of these dopants. A conductive polymer 
is extremely resistant to oxidation if it has high enough ionization 
potential to protect the polymer from oxygen. 
The conjugated bonds present in conductive polymers may ver>' 
easily undergo n to TC*. 71 to 7i:*and a to a* transitions leading to the 
formation of free radicals on irradiation. The ultra-violet radiations 
contain enough energy and can even cause C-C, C-N and C-0 homolytic 
bond scission. Thus produced, free radicals can react with atmospheric 
oxygen, leading to oxidation accompanied by depletion of chain length of 
the polymer as well as the puncturing of conjugation 135-37J. 
1.10. Stabilization 
The preventive measures undertaken to inhibit and control the 
degradation of polymer are collectively known as polymer stabilization. 
There are several ways to stabilize the polymers [38-39] such as-
> by incorporating tlie antioxidants which are readily oxidized. 
> by implantation or by predoping the material with a strong electron 
acceptor prior to oxygen exposure. 
> by encapsulation of devices by a material of reduced permeability 
to oxygen and moisture. 
> by blending the conducting polymers with ottier more stable 
polymers and 
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> by synthesizing the polymer with newer concepts such as fluorine 
substitution, introduction of aromatic structure in the main chain, 
use of comparatively more stable doping agents and fusion of 
aromatic structure with the main chain etc and by the use of photo-
stabilizer which protect the polymer from the deteriorating effects 
of radiation. 
1.11. Applications of conducting polymers 
Organic polymers which have been considered for decades as 
insulators in the electronic industry' have emerged as a new class of 
electronic material [41-40]. The electrical conductivity of these 
conjugated polymers can be varied over a wide range by chemical or 
electrochemical doping, thus making it possible to consider them for a 
variety of electronic applications. Conducting polymers are comparable 
to inorganic due to their metallic conduction in addition desirable 
properties such as architectural flexibility, environmental stability, ease of 
fabrication, light in weight, good mechanical properties and so on. 
Therefore, these materials are fmding their applications from coating to 
lubricants to solid-state technology to biotechnology. 
The first major area of applications is use as electrode material in 
solid-state rechargeable polymer batteries due to the reversibility of 
doping process |42 i. As both the p-type and n-type doping could be 
accomplished in electrically conducting polymers, they could be used as 
anode as well as cathode materials. 
Polyheterocyclic conducting polymers show wide variations in their 
color with tlie applied electric voltage when switched between oxidized 
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and reduced state [43-44]. Similarly, they also exhibit 
photoelectrochromic phenomenon as a result of optical density change 
[45-46]. A solid-state electrochromic device from polyaniline has already 
been fabricated [47]. 
Electrically conducting thin layers of polyp>Trole coated on 
silicon, cadmiumsulfide, galliumarsenide and other surfaces reduce the 
photodecomposition. Thus they have aheady found application in the 
electrochemical photovoltaic cells and photoelectrolysis cells [48-50], 
The conductivity of the conjugated polymers can easily be maintained in 
semi conducting regime by controlling the dopants concentration. In this 
regard, Schottky barrier-type diode [51-52] and field-effect transistors 
[53-54] from polyacetylene, polypyrrole and polythiophene have been 
developed. In various fields of industries such as textile, paper 
technology, photography, printing etc, an immense danger of electrical 
shocks, fire and explosion exists due to the generation of high static 
electricity. Conducting poisoners can easily dissipate electrostatic charges 
at a much faster rate and can serve as antielectrostatic agents in these 
industries [55]. Similarly, their variable conductivity can be effectively 
used in electromagnetic interference shielding [56]. 
In some applications, conducting polymers could be used as 
conductive filler instead of carbon black, graphite and metals. They can 
also replace other conductive materials in conductive adhesives [57]. The 
composite of conducting polymers with conventional polymers such as 
poly (metliylmetliacrylate), poly (vinylalcohol) etc exhibits excellent 
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coatability [58]. Therefore, using their adherent property, a large variety 
of polymer-coated substrates can be developed. 
Small-scale indicator devices from conducting polymers to detect 
moisture, radiation, chemicals and mechanical abuse have been designed 
[59]. As the electrically conducting polymers are sensitive towards ions 
and molecules leading to change in their electronic and electrical 
properties, they have been used in chemical and biological sensor devices 
[60-61]. 
A transparent speakers was developed by coating transparent 
conducting fihn of polypyrrole on the surface of piezoelectric 
poly(vinyUdenecynide-vinylacetate) [61-62]. Furthermore, electroplating 
on a plastic surface was also accomplished by first coating a conducting 
polypyrrole prepared by chemical method. Polypyrrole-alimiinium solid 
electrolyte condenser was developed by Marcon Company. Conducting 
polymers may also find application in the field of optoelectronics, in such 
technologies as signal processing, optical communication, data storage, 
phase conjugation and bistabiltiy devices [63-64]. Polyphenylacetylene 
and poly(3-alkylthiophene) exhibits good transformational and 
conformational changes respectively, which can also be used for optical 
memory and recording |651. Some possible applications of electrically 
conducting polym.ers are given in table-1.3 and some schematic diagrams 
of devices are shown in figure-l .16, 1.17&1.18. 
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Table-1.3. Possible applications of some important electrically 
conducting polymers. 
Polymers 
Polyacetylene 
Polypyrrole 
Polythiophene 
Polyaniline 
Polyparaphenylene 
Dopants 
I2 
BF4 
AsF5 
HCl 
ASF5 
E.C. 
(S/cm) 
10^  
1000 
150 
5 
500 
Possible applications 
Rechargeable battery, photovoltics, gas 
sensors, chemical indicators, radiation 
etectors,antielectrostatic,biotechnology, 
optoelectronics, solar cells 
Rechargeable battery, schottky diode, battery, 
condenser, printed circuit boards, gas sensors, 
adhesive, transparent coating, electromagnetic 
shielding,photocatalysts, conductive textiles etc. 
Rechargeable battery, diode device,Fillers,fi 
transistor, optoelectronics, 
schottky diode, gas sensor, photocatalysts. 
Rechargeable battery, electrochromic divices, 
indicator devices, biosensors. 
Rechargeable battery,fillers, photocatalysts, etc. 
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DISCHARGING 
CHARGING 
Figure-1.16. A schematic diagram of polyaniline-lithium battery. 
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Figure-1.17. A schematic diagram of a conducting polymer based 
conductimetric sensor device. 1. Catalytic layer, 
2. Conducting polymer layer, 3. Reference electrode, 
4. Working electrode and 5. EPSIS. 
Figure-1.18. A schematic diagram of conducting polymer based 
photovoltaic device (solar cell). 1. Transparent protection 
film, 2. Aluminium film, 3. Doped conducting polymer film, 
4. gold electrode, 5. Transparent protection film and 
6. Electrical contacts, 7. Electrical connector, 
8.Voltmeter and 9. Load. 
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CHAPTER-2 
2.1. Preparation and properties 
The electrically conductive properties of polyaniline in its eme-
raldine oxidation states stem from the acid doping capability of inline 
nitrogens on the polymer backbone [1]. Dopants can be added in any 
desired quantity until all imine nitrogens (half of the total nitrogens) are 
protonated, simply by controlling the pH of the acid solution [2]. The 
conductivity of poly-aniline increases with doping from the undoped 
insulating base form (a < 10'*^  Scm'^ ) to the fiilly doped, conducting acid 
form (a >10 Scm"'). Doping as well as undoping processes could be 
typically carried out chemically by using common acids and bases such as 
HCl and NH4OH respectively. Electrochemical processes can also readily 
be used for doping and undoping [3-7]. 
The chemical synthesis of polyaniline has widely been studied, 
including types and concentrations of acids for polymerization, effects of 
different oxidizing agents and synthesis temperature [8]. A relatively 
standard method of synthesis via the chemical oxidation of aniline in an 
acidic medium was selected for a consistently pure, high molecular 
weight polymer following the work by MacDiarmid et al [9]. 
Polyaniline (PANT) and Polypyrrole (PPY) have usually been 
synthesized using chemical oxidants, e.g., FeCls and (NH4)2S208 in acidic 
aqueous media [10,11] as well as in non-aqueous solvents such as ethers 
[12], esters [12], alcohols [13] and acetonitrile [14] etc. In each case, the 
conductive polymer has invariably been obtained as insoluble bulk 
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powder with conductivities lying in the range 1-200 Scm'^  on compressed 
pellets. Scanning Electron Microscopy studies have confirmed that these 
powders have a fused pseudo-spherical or globular morphology with 
micrometer features [15,16]. 
Yoon et al [17,18] reported the thermopower data for various types 
of polyaniline. The room temperature values of thermopower reported to 
be approximately 10 jiV/K with small variations (±2 i^ V/K) depending 
on the process for film casting. The magnitude and +ve sign of S (T) are 
similar to those obtained from a number of partially p-type doped 
conducting polymers [19-22]. 
The quality of conductive polyaniline films has been greatly 
improved because of the progress in solution processing leading to the 
reduction of disorder [23,24]. Menon et al [25-28] have differentiated in 
the transport properties between polyaniline doped with 
camphorsulphonic-acid, processed from solution in m-cresol and 
polyaniline doped with conventional protonic acids [29-33] such as HCl 
and H2SO4, 
The high quality freestanding films of polyaniline (emeraldine 
base) doped with d,l-camphorsulphonicacid were prepared using 
emeraldine base synthesized to provide polymers of different molecular 
weights [34]. Low molecular weight polyaniline, Mw < -100,000 was 
prepared by a well-known route [34, 35-38]. 
Both polyaniline and polypyrrole showed metallic features in 
conducting state. Polyaniline doped with camphorsulphonicacid. 
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processed from solution [12,39] has resulted in freestanding films with 
high conductivity [40-42]. 
S. Dubey et al [43] have reported the synthesis and properties of 
poly (o-toluidine) using quinolinium fluorochromate (QFC) as an 
oxidizing agent. The effect of catalytic amount of QFC on electro-
chemical synthesis of poly (o-toluidine) and on its cyclic voltametry in 
aqueous and nonaqueous media has been investigated. The polymer was 
found to have electrical conductivity in the range of 10"^  to 10'^  Scm"\ 
Morphological and thermal properties have also been studied using 
scanning electron micrograph (SEM) and differential scanning 
calorimeter (DSC) respectively. Magnetic susceptibility of polymers was 
also determined. 
Polyaniline derivatives, like poly(o-toluidine), poly(o-anisidine) 
and poly(o-chloroaniline) were doped with camphorsulfonicacid. The 
conductivity and UV-VIS spectra of doped polyaniline were also studied 
and their properties are dependent on the solvent used. The casted films 
from m-cresol solution exhibit more effective doping and higher 
conductivity [44]. 
Geng et al [45] have reported the properties and solubility of 
polyaniline doped with camphor sulphonic acid. The polyaniline film in 
m-cresol/ chloroform solution has much high conductivity and strength 
which are about 200-400 Scm' and 30 Mpa, respectively. Films 
fabricated from high molecular weight polyaniline doped with 
camphorsulphonicacid show conductivity behavior similar to metal or 
semi-conductor in different temperature regions. They have also reported 
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that the solution properties of polyaniline doped with camphorsulphonic-
acid in m-cresol/chloroform shows that it behaves as a polyelectrolyte. 
Oh et al [46] reported the preparation of electrically conductive 
polyaniline:polystyrene composites by in situ polymerization and 
blending. The electrical conductivity of composites was improved with 
increasing amount of polyaniline and reached to a high value of 0.1 Scm' 
at a polyaniline content of 12 wt% which was calculated by means of 
elemental analysis. The composites were found very soluble in organic 
solvents such as chloroform, xylene and N-methylpyrrolidone. The 
electrical conductivity of polyaniline composites doped with dodecyl-
benzenesulfonicacid, and thermally treated at 180°C for 3 hours was 
observed to be more stable than that of conventional HCl doped 
polyaniline complex. 
Kundu [47] reported the morphological study of self-doped 
conducting polymer. They have synthesized sulfonated polyaniline and 
its morphology was studied by TEM. The ammonium salt of the polymer, 
in aqueous solution, shows some aggregation which increases on ageing 
in a protonic acid medium. 
Zeng et al [48] have reported the structure and properties of iodine-
doped polyaniline. Effect of the structural change resulted from iodine 
doping on the properties of polyaniline was studied by elemental analysis, 
FTIR, XPS, WAXD and DTA. The dopant, iodine, accepted electron 
from the nitrogen atoms in the quinonediimine units in polyaniline 
molecular chains and a charge-transfer complex was formed. The 
conductivity of iodine-doped polyaniline was 2.64X10"^ Scm"^ The 
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iodine in the complex existed mainly in the form of Fs and I5' anions and 
the relative content of I5" anions increases with increasing the iodine 
content. Iodine doped polyaniline was amorphous and did not easily 
absorb moisture while thermal stability is decreased. 
Zheng et al [49] used electrochemical technique to synthesize 
highly conducting polyaniline:polyvinylacetate composite films using 
perchloric acid as a dopant as well as oxidants which showed an electrical 
conductivity of 0.173 Scm''. 
Singh and Singh [50] have synthesized polyaniline in presence of 
transition metal salt using ammonium persulphate as an oxidizing agent in 
aqueous media. These polymers were characterized by metal estimation, 
spectral, structural, thermal, electrical (AC and DC) and magnetic 
measurements. The temperature dependence of DC electrical 
conductivities showed that these polymers are semiconductors with very 
low band gap. X-ray diffraction patterns indicated some crystalline nature 
in the polymers. Magnetic data revealed that the polymers contain 
unpaired electrons. 
A new water soluble self-doped copolymer poly(aniline-co-2-
acrylamido-2-methyl-l-propanesulfonicacid) and its salts were synthe-
sized which could be dissolved in water and casted into films from their 
aqueous solutions [51]. 
Soluble polyaniline codoped with dodecylbenzenesulfonicacid and 
hydrochloric acid has been reported by Yin and Ruckenstein [52]. A 
chemical oxidative polymerization of aniline:dodecyIbenzenesulfonicacid 
and aniline:hydrochloric acid was performed in an aqueous solution 
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because the former monomer stimulates the solubility and latter the 
conductivity in the synthesized polymer. A codoped polyaniline was, 
thus, obtained, which is soluble in common organic solvents such as 
chloroform and exhibits, without any additional doping, a higher 
conductivity. Electrical conductivity of 7-9 Scm"' could further be 
increased by additional doping by HCl to the extent of 14 Scm'. 
Lee et al [53] have studied the electrical properties and morphology 
of doped polyaniline;sulfonated polycarbonate blends. A conducting 
composite containing polyaniline as the conducting polymer and 
polycarbonate as matrix was prepared by blending using chloroform as 
solvent. Polycarbonate containing sulfo-groups showed enhanced 
Coulombic interaction between two phases of the composite. The effect 
of ionic groups in sulfonated polycarbonate was monitored using 
measurements of both the mechanical and thermal properties. The 
electrical conductivity was increased to 7.5 Scm-1 on doping with 
camphorsulfonicacid or dodecylbenzenesulfonicacid. 
Back et al [54] synthesized poly (aniline-co-anthranilic acid) by the 
oxidation reaction of aniline and o-anthranihc acid in various molar 
fractions in aqueous HCl with ammonium per sulfate as an oxidant. Both 
the molecular weight and yield of the polymer decreased as the o-anthra-
nilic acid feed increased. ITie solubility he polymer in various solvents 
decreased and the color changed to dark green from dark brown. The 
conductivity of polymer varied from 7.1 Scm"' (aniline homopolymer) to 
lO'^ Scm'^  (o-anthranilic acid homopolymer). The IR and UV-VIS spectra 
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similar mechanisms with the evolution of hydrogen chloride and 
sulphonic acid in the latter material. 
Syed and Dinesan [61] found somewhat similar results in their 
thermogravimetric analysis of polyaniline and compensated polyaniline, 
synthesized by various combinations of reagents. The weight losses were 
due to the loss of moisture from hydroscopic aniline, loss of sulphate or 
chloride ions and thermal decomposition of the polymer backbone in 
conducting materials, while insulating materials, ammonia compensated 
polyanilines, showed the weight loss because of the moisture loss from 
hydroscopic polyaniline and decomposition of the polymer chain. 
Gupta and Warhadpande [62] reported the chemical preparation of 
substituted polyaniline by polymerizing m-toluidine, o-toluidine, o-
anisidine, acetanilide, diphenylamine and o-naphthylamine. Thermo-
gravimetric studies showed that the ring-substituted polymers were less 
stable than the N-substituted polymers and also indicated that straight 
chain polymers were less stable than flat chain polymers. 
The strong degradation of pure polyaniline fihns, prepared by 
cyclic voltammetry in aqueous sulphuric acid solution, was observed in 
H20/propylene carbonate, LiC104/propylene carbonate and upon exposure 
to air and also in a IM H2SO4-O.5M Na2S04 solution. While in substi-
tuted polyanilines, degradation was studied in aqueous and organic 
solvents such as propylene carbonate and tetrahydrofliran. It was 
observed that electron donor substituents and protophilic solvents favored 
the degradation. The results were further supported by impedance 
spectroscopic studies [63]. 
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Tsai et al [64] prepared polyaniline by oxidative polymerization of 
aniline in HCl solution containing ammonium persulphate [65] and 
sulphonated polyaniline was prepared by the method of Yue and Epstein 
[66]. Both the polymers did not show any thermal degradation upto 650 
°C in case of emeraldine base and upto 450 °C in sulphonated polymer 
and were found to be highly thermally stable. The absence of ammonia 
and acetylene in the degradation products of either material, is the 
indication of some other mechanism of degradation. 
Orata et al [67] observed a strong dependence of the 
electrochemical degradation of polyaniline on the potential window and 
efficiency of the cycHc redox process below 100%. Fairly stable dis-
charge capacity and Coulombic efficiency of polyaniline:poly(styrene-
sulphonate) in LiC104/propylene carbonate+dimethylether during 
charging and discharging, were reported by Morita et al [68]. 
Kaminaga et al [69] demonstrated that the polyaniline reactivated 
by 2,5-dimercapto-l,3,4-thiadiazole showed a better stability against 
irreversible decomposition and found a fairly similar effect in poly (N-
methyl aniline) in cyclic voltammetric studies. 
The thermal stability of polyaniline doped with different acids was 
observed to be dependent on the counter-ions while no change in the 
structure of the polymer was supported by IR and electronic spectra below 
200°C [70]. 
Kahler et al [71] observed that chemically prepared polyaniline 
doped with HBr is the most thermally stable material among HF-, HC1-, 
HBr- and Hl-doped, highly conductive materials. 
50 
Pareira de Silva et al [72] reported the synthesis of polyaniline 
doped with camphorsulphonicacid on platinum working electrodes. 
Doped polyaniline showed a great change in its Raman spectra on heating 
while doped polyaniline, processed in m-cresol, showed a negligible 
effect on its Raman spectrum as the temperature increased. The results 
are further supported by the work of Li et al [73] who observed that the 
emeraldine like state is the most stable state at comparatively high 
temperatures. 
Because of the reasonable stability of polyaniline, it may find its 
use as electrode material in secondary battery. Irreversibility was 
observed by Kobayashi et al [74] when a polyaniline anode was cycled in 
IM aqueous HCl at multiple potential scanning from 0.2 to l.OV versus 
standard calomel electrode. The polymer material irreversibly lost its 
electrical conductivity, charge capacity and electrochromic properties by 
the three hundredth scan, [74,75,76,77]. 
Misra et al [78] reported the synthesis of poly (2-ethylaniline) from 
a solution of 2-ethylaniline (0. IM) and tetra-n-butyl ammonium per-
chlorate (0. IM) in 1,2-dichloro-ethane on a platinum working electrode 
under nitrogen. The polymer deposited on the electrode surface was 
found to be quite stable and could be cycled repeatedly without any 
evidence of decomposition. After converting an emeraldine base into a 
leucoemeraldine base, highly sulphonated polyaniline was synthesized by 
sulphonation with fuming sulphuric acid by Epstein et al [66,79-81]. This 
polymer is more stable than its parent polyaniline doped with HCl [82]. 
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2.3. Applications 
Polyaniline, because of its good environmental stability, has been 
used in secondary battery electrodes, sensors, electrochromic display 
devices, microelectronics, ion exchange resins etc. [83-93]. 
A polyaniline:nylon-6 composite for rechargeable battery electrode 
and for a liquid crystal display with improved mechanical strength and 
electrical stability was reported by Tae-hwan and Park [94]. An inorganic 
oxidizing agent was dispersed in matrix of nylon-6 resin, and then 
exposed to aniline and HCl vapors simultaneously for preparation of 
aniline:nylon-6 composite. 
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2.4. Objectives 
The progress of mankind today is directly or indirectly dependent 
on advanced technology materials that perform better and open new 
dimensions in research and development. Now, the electrically conduc-
ting polymers are establishing their place as the central constituents of 
various electronic and photonic systems due to their environmental 
stability, architectural flexibility, light weight, ease of fabrication, mecha-
nical properties and so on. Field of electrically conducting polymers has 
developed to the extent that the Noble prize for the year 2000 has been 
devoted to this field. There are some major problems impeding the use of 
conducting polymers due to presence of conjugation along the polymer 
backbone, viz.-
> conjugated polymer chains are very stiff and intractable and, hence, 
impossible to process by melt or solution technique, 
> the proper characterization remained difficult due to their 
intractability and 
> conducting polymer possess the inherent poor mechanical 
properties and poor environmental stability specially after doping. 
In this dissertation, the work will carried out to investigate-
> the remedial measures to reduce these problems by synthesizing 
newer doping agent having long chain structure. 
> Study their doping and undoping behavior. 
> Characterization FTIR spectroscopy, electrical conductivity and 
stability of doped polymers. 
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CHAPTER-3 
3.1. Chemicals 
Aniline (99%), Qualigens; hydrochloric acid (35%), Merck; 
potassium persulfate (98%), CDH; ammonia (25%), Qualigens; phthalic 
acid (99.5%), CDH; ethylene glycol (99%), CDH; diethylene glycol 
(98.5%), CDH; glycerol (99%), Qualigens; methanol (99%), Qualigens; 
sulfuric acid (98%), Merck; oleic acid (distilled), pioneer; aluminium 
trichloride, chloroform (99.5%), Qualigens; polystyrene and toluene 
(99%), Qualigens. 
3.2. Synthesis of materials 
3.2.1. Synthesis of polyaniline 
Polyaniline was synthesized by oxidative polymerization of doubly 
distilled aniline solution in aqueous HCl at ice temperature using pota-
ssium persulphate in aqueous HCl as an oxidant. Aniline (0.2 mol.) 
dissolved in 500 ml of HCl (IM) and potassium persulphate (0.25 moles) 
was dissolved in 500 ml HCl (IM). Then the oxidant solution was added 
slowly to the aniline solution with continuous stirring at ice temperature. 
The reaction mixture was kept under continuous stirring for an hour and 
then kept overnight in a refrigerator. The reaction mixture was filtered 
and washed with distilled water till the filtrate became colorless and acid 
free. Thus, synthesized polymer was undoped by treatment with excess of 
aqueous ammonia (IM) and repeatedly washed with distilled water until 
the filtrate became neutral. Polyaniline was dried for 48 hours at 60°C in 
an air oven. This polymer was ground to fine powder and low molecular 
weight oligomers were removed by soxhalation with acetone [1-4]. 
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Methanol solution of phthalic acid was refluxed with three different 
glycols viz. ethylene glycol, diethylene glycol and glycerol in a round 
bottomed flask for 6-10 hours while 10 ml of cone. HCl (sp.gr. 1.18) was 
added at a rate of0.5 ml per 10 min. to the reaction mixture as per 
reference-S. The reaction mixture was poured into a separately funnel 
containing distilled water (250 ml) and shaken for an hour. Lower oily 
layer of CT AR was separated and collected in a stoppered bottle for use 
as doping agent. , The details of reaction mixtures for the synthesis of 
CTARs are given in table-3.1. 
" 
3.2.3. Synthesis of polyoleic acid 
A mixture of oleic acid (0.1 mol., 31.6 ml) and aniline (0.1 mol., 
9.08 ml) was taken in a beaker and AlCh (0.025 mol., 3.33 g) of solution 
in methanol (20 ml) was added to the beaker with constant stirring at 
room temperature. A rubbery polymer was formed which was washed 
with distilled water and then by HCI (0.1M). Finally, it was washed with 
distilled water followed by acetone te remove low molecular weight of 
oligomers and trapped aniline [6]. 
3.2.4. Synthesis of polystyrenesulfonicacid 
Polystyrene sulfonic acid was prepared by dissolving 5g of 
polystyrene in 30 ml of CHCh followed by the addition of cone. H2S04 
(20ml) with constant stirring by a modified method reported in reference-
7. The solution, thus, formed was precipitated by the addition of water 
into a white colored rubbery material. Then it was dried in oven at 50°C. 
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TabIe-3.1. Synthesis of carboxylic terminated alkyd resins (CTARs). 
Dopant 
ID No. 
CTAR-1 
CTAR-2 
CTAR-3 
Dicarboxytic 
acid 
Phthalic acid 
0.02moles 
(3.32g) 
Phthalic acid 
O.OSmoles 
(4.98g) 
Phthalic acid 
.03moles 
(4.98g) 
Glycols 
Ethylene-
glycol 
0.001 moles 
(0.05ml) 
Diethylene 
glycol 
0.01 moles 
(0.95ml) 
Glycerol 
0.01 moles 
(0.738m]) 
Solvents 
Methanol 
(25ml) 
Methanol 
(25ml) 
Methanol 
(25ml) 
Catalyst 
HCl 
(10ml) 
HCl 
(10ml) 
HCl 
(10ml) 
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3 J. Doping 
Finely ground polyaniline was solution doped with all the three 
alkyd resins at different concentrations as given in table-3.2. Polyaniline 
was kept in methanol solution of the resin for 48 hours at room tempe-
rature for doping. 
Chloroform solution of the polyoleic acid was used for polyanilne 
doping by exposing for 36 hours as given in table-3.3. While toluene 
solution of polystyrenesulfonicacid was also used for doping of poly-
aniline as given in table-3.4. 
3.4. Sample preparation 
Doped polyaniline was filtered and washed with water (or chloro-
form in case of polyoleic acid) and dried in an air oven at 60°C. The 
pellets were prepared with the help of hydraulic press under 37.5 KN for 
20 min. in BCBr die. A micrometer with least count of 0.01 mm was used 
to measure the thickness of the each pellet. 
3.5. Molecular weight determination and degree of polymerization 
The end group analysis is a chemical method used for calculating 
the number-average molecular weight of polymer samples whose 
molecule contains reactive functional groups at one end or both the end of 
the polymer molecules. The ester value of the polymer can be determined 
by dissolving a known quantity of the polymer in a solvent (methanol) 
and titrating against NaOH (0.1 N) solution using phenolphthalein as an 
indicator. The end point is detected by color change of solution to light 
pink. This method was employed for the determination of molecular 
weight and degree of polymerization of CTARs [8]. 
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Table-3.2. Doping of polyaniline with carboxylic terminated alkyd 
resins (CTARs). 
Sample 
PANI:CTAR-1A 
PANI:CTAR-1B 
PANI:CTAR-2A 
PANI:CTAR-2B 
PANI:CTAR-3A 
PANI;CTAR-3B 
Amount of 
polyaniline 
Ig 
Ig 
Ig 
Ig 
Ig 
Ig 
Amount of 
CTARs 
CTAR-1 
(4.2ml) 
CTAR-1 
(9.2nil) 
CTAR-2 
(4.2ml) 
CTAR-2 
(9.2ml) 
CTAR-3 
(4.2ml) 
CTAR-3 
(9.2ml) 
Solvents 
Methanol 
(25ml) 
Methanol 
(25ml) 
Methanol 
(25ml) 
Methanol 
(25ml) 
Methanol 
(25ml) 
Methanol 
(25ml) 
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Table-3.3. Doping of polyaniline with polyoleic acid (POA). 
Sample ID No Polyaniline Polyoleic acid Solvent 
(in g) (in g) (25m I) 
PANI:POA-10 0.10 0.90 Chloroform 
P ANI:POA-20 0.20 0.80 Chloroform 
P ANI:POA-30 0.30 0.70 Chloroform 
PANI:POA-40 0.40 0.60 Chloroform 
PANI:POA-50 0.50 0.50 Chloroform 
P ANI:POA-60 0.60 0.40 Chloroform 
Table-3c.4. Doping of polyaniline with polystyrenesulfonicacid (PSSA). 
Sample ID No Poly aniline Polystyrene Solvent 
(in g) sulfonicacid (20m I) 
' 
(in g) 
P ANI:PSSA-5 0.05 0.95 Toluene 
PANI:PSSA-10 0.10 0.90 Toluene 
P ANI:PSSA-15 0.15 0.85 Toluene 
PANI:PSSA-20 0.20 . 0.80 Toluene 
P ANI:PSSA-25 0.25 0.75 Toluene 
P ANI:PSSA-30 0.30 0.70 Toluene 
P ANI:PSSA-35 0.35 0.65 Toluene 
P ANI:PSSA-40 0.40 0.60 Toluene 
P ANI:PSSA-45 0.45 0.55 Toluene 
PANI:PSSA-50 0.50 0.50 Toluene 
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3.6. DC electrical conductivity measurement 
DC electrical conductivity measurements were performed on 
pressed pellets of doped sample by using a four-in-line probe electrical 
conductivity-measuring instrument (Scientific Equipment, Roorkee). 
Four-in-line probe DC electrical conductivity measurements with 
increasing temperature were also done for representative samples. 
Electrical conductivity (a) was calculated using the following equation-
a = G7{W/S)/ao 6 
G7(W/S) = (2SAV)ln2 7 
ao=I/2V7cS 8 
GyCW/S) is a correction divisor which is a function of thickness of the 
sample as well as probe-spacing where I, V, W and S are current (A), 
voltage (V), thickness of the film (cm) and probe-spacing (cm) 
respectively (See appendix-I). 
3.7. Stability measurement 
The stability of the carboxyl terminated alkyd resins doped 
polyaniline in terms of electrical conductivity retention was studied by 
repeatedly measuring four-in-line probe DC electrical conductivity on 
pressed pellets with increasing temperature from 35°C to 100°C at an 
interval of I hour for 6 times. The data obtained for each sample were 
plotted as log a versus \/T (K). Whereas DC electrical conductivity of 
polyaniline doped with polyoleic acid was repeatedly monitored for 5 
cycles also at an interval of 1 hour from 35°C to 100°C and data were 
plotted as log a versus l/T (X). 
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3.8. FTIR Spectroscopy 
FTIR spectra of dopants and doped samples were recorded by using 
Perkin Elmer FTIR (1710) spectrophotometer on KBr pellets. 
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CHAPTER-4 
k 
4.1. Synthesis of materials 
4.1.1. Preparation of polyaniline 
Polyaniline, known as "aniline black", was first prepared in 1834 
[1]. Letheby [2] developed a procedure based on aniline black for the 
determination of small quantities of aniline. Oxidative polymerization 
was reported using mineral acids and oxidants such as persulfate, 
dichromate, and chlorate. The main reason for the growth in interest 
during the 1980s was its low cost, relatively easy production process, 
stability of the conducting forms and simple non-redox doping by 
protonic acids [3-5]. Green and woodhead [6] described a number of well-
defined oxidation states for polyaniline as shown in figure-4.1. 
When aniline is oxidized in acidic aqueous medium with potassium 
persulphate, the protonated conducting form of polyaniline is produced as 
given in the following chemical reaction [7]-
4Ph-NH3V5S208^'^2-[-Ph-NH-Ph-NH^-]-+ 12H"+ 10SO4^ - 9 
Thus prepared dark green polyaniline was of high molecular 
weight as very little (< 0.5%) oligomers could be extracted on soxhlation 
for 24 h. The yield of polymer was more than 50% after washing and 
drying. 
The color change from dark green to sky blue is associated with the 
neutralization of positive charges on protonated polyaniline chains. The 
process may be treated as n-type of doping of a p-type doped polymer in 
which a polymer passes through an insulating state. Schollhom and 
Zagefka [8] have suggested a redox reaction for ammonia or amine 
intercalation into layered metal chalcogenides, which has been further, 
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supported by the work of Foot and Shaker [9]. On the basis of the 
disproportionation reaction of ammonia as suggested by above workers, 
an analogous reaction for the undoping of polythiophene (PTH) by water 
was also suggested by Mohammad [10]. The overall chemical reactions 
are given in the following equations-
8NH3 -^ emi/ + 6e" + N2 10 
PTH -^BF4" + N H / + e -^ PTH + NH4BF4 11 
6H2O -> 4H30^ + 4e" + O2 12 
PTH'^ -BF4" + UjO^ + Q -^ PTH + HBF4.H2O 13 
HBF4.H2O ^ OT + BF3 +H2O 14 
The charge neutralization reaction depends on the rate of chemical 
reaction between the polymer and dopant which in turn will depend upon 
the reactivity of polymer chain and the basic strength of dopant [10]. llie 
basic strength of water is very low, hence does not act as undoping agent 
in case of polyaniline, however, an analogous neutralization reaction for 
polyaniline undoping by ammonia may be suggested as under-
PANl^-Cr + NH4'' + e" ~> PANI + NH4CI 15 
4.1.2. Preparation and characterization of alkyd resins 
The interaction between a dicarboxylic acid and di-/tri-hydroxy 
alcohol is a reversible process and proceeds very slowly. Equilibrium 
between reactants and products is attained after refluxing for several days. 
However, it may be attained by refluxing for few hours if catalyst, 
concentrated sulphuric acid or dry hydrogen chloride is added to the 
reaction mixture. According to the law of mass action, the equilibrium 
may be displaced in favor of the ester by the use of an excess of one of the 
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components i.e. either dicarboxylic acid or di-Ztri-hydroxy alcohol. In 
view of the above, an excess of dicarboxylic acid was used in order to get 
higher yield of alkyd resins with carboxylic groups on both the ends 
[11,12]. The yield, density, degree of polymerization and number average 
molecular weight of the alkyd resins are given in table-4.1. 
Alkyd resins produced by this technique are of oligomeric in nature 
as confirmed by chemical test and contain sufficiently long chain with 
carboxylic end groups. The presence of carboxylic end groups in alkyd 
resins is confirmed by their acidic nature and titration with standard 
alcoholic sodium hydroxide led to calculation of degree of polymerization 
as well as number-average molecular weight. The resins so produced are, 
as expected, sufficiently acidic and hence suitable for p-type doping of 
polyaniline. 
4.1.3. Synthesis of poly oleic acid 
Polyoleic acid prepared by the reaction of oleic acid and aluminium 
trichloride in the presence of Lewis base i.e. aniline which has been 
separated after the reaction. As expected, polyoleic acid so formed was 
very sticky and gave the positive test for acidic nature on testing with pH 
paper. The yield was 49%. 
4.1.4. Synthesis of polystyrenesulfonicacid 
Polystyrenesulfonicacid was prepared by the sulfonation of 
polystyrene which has been precipitated by the addition of water. The 
white rubbery material was formed which is soluble in chloroform, 
benzene and toluene whereas insoluble in acetone and hot water. 
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4.2. Doping and electrical conductivity 
4.2.1 Carboxyl terminated alkyd resin doped polyaniline 
Polyaniline doped with HCl possesses sufficiently high electrical 
conductivity of 3.22 Scm"^  that falls in metallic region and became an 
insulator on treatment with ammonia. An increase of about 8-10 orders of 
magnitude in electrical conductivity of polyaniline has been reported on 
doping with various doping agents [13]. It is observed that the size of 
counter-ion from the doping acids plays an important role in imparting the 
electrical conductivity to polyaniline as evident from table-4.2. Carboxyl 
terminated alkyd resin doped pellets showed electrical conductivity in the 
—7 S 1 
range of 10 and 10' Scm". The temperature dependence of electrical 
conductivity with increase in temperature followed Arrhenius equation 
and, hence, the materials so produced are semiconductors. Arrhenius 
plots of polyaniline doped with carboxyl terminated alkyd resin shown in 
figure-4.2 to 4.7. 
4.2.2. Polyoleic acid doped polyaniline 
The polyoleic acid doped polyaniline pellets showed electrical 
conductivity in the range of 10'^  Scm''. The temperature dependence of 
electrical conductivity with increase in temperature as shown in table-4.3, 
followed Arrhenius equation and, hence, the materials so produced are 
semiconductors. Arrhenius plots of polyaniline doped with polyoleic acid 
are shown in figure-4.8 to 4.13. 
4.2.3. Polystyrenesulfonicacid doped polyaniline 
It was observed that the conductivity of the doped polyaniline with 
polystyrenesulfonicacid increased linearly with temperature upto lOO^C 
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and after that it was decreased with increasing temperature. The 
temperature at which this change occurs has been termed as reversal 
temperature i.e. the temperature at which the nature of the variation of 
electrical conductivity with temperature gets completely reversed. 
The reversion behavior in conducting polymer composites may be 
explained on the basis of semiconductors to metal transition, glass to 
rubber transition and phase separation. The metal-insulator transition in 
doped conducting polymers is mainly governed by the extent of disorder, 
interchain interaction, and doping level [14,15]. 
The electrical conductivity of samples at various concentrations 
was reported in table-4.4 & table-4.5 and Arrhenius plot was reported in 
figure-4.14 to 4.22. Activation energy of conduction for all the doped 
samples was calculated from the slopes of Arrhenius plots (table-4.6). 
4.3. Environmental stability 
4.3.1. Stability of the carboxyl terminated alkyd resin doped 
polyaniiine 
Electrical conductivity of carboxyl terminated alkyd resin doped 
polyaniiine increases with the increase of temperature as expected, 
however, the trend is different for differently doped samples during 
heating-cooling cycles from room temperature to 100°C at an interval of 1 
hour as evident figure-4.23 to 4.25 and table-4.7 to 4.9. 
On examination of figure-4.23 and table-4.7, it has been observed 
that the electrical conductivity of the first cycle at room temperature as 
well as at higher temperature was found to be lower than from 2"^ ,^ 3"^ , 4*, 
5 and 6 cycle, this behavior may be due to the presence of moisture and 
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low molecular weight compounds trapped in the polymer pellet and their 
evaporation during the annealing of the pellet. 
On examination of figure-4.24 and table-4.8, we found that the 
electrical conductivity of 3'^ '* cycle at room temperature as well as higher 
temperature is higher than 1^ ', 2"**, 4*, and 5'^ ,cycle. It may be due to the 
aimealing of the sample after V\ and 2"^ ^ cycle. But the electrical 
conductivity gradually decreases after 3*^^ cycle that may be due to the 
degradation of the dopants with the temperature cycling. The electrical 
conductivity of polyaniline doped with CTAR-2 is higher than the 
samples doped with CTAR-1 and CTAR-3. 
On examination of figure-4.25 and table-4.9, we observed that the 
electrical conductivity of the 3'^ '' cycle is higher than 1^^ and 2"^* because of 
the aimealing of the sample. Then the conductivity decreases in the 4* and 
5 cycle and finally it will decreases in 6 cycle due to oxidative 
degradation. 
4.3.2. Stability of the polyoleic acid doped polyaniline 
To check the stability of the polyoleic acid doped polyaniline where 
30% polyaniline and 70% dopant, polyoleic acid, was used. The pellets 
were prepared and the four probe DC electrical conductivity was 
measured for five times from 35°C to 100°C at an interval of one hour as 
given in table-4.10. The DC conductivity for each heating cycle was 
plotted as log a versus 1/temperature (K) as shown in figure-4.26. It was 
observed that each plot followed the Arrhenius Equation and the 
conductivity increases with the increase of temperature. There was very 
minor difference in their electrical conductivity even after repeating the 
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experiment for five times. It may be inferred that the dopant, polyoleic 
acid, is comparatively more environmentally stable during a heating-
cooling cycle between room temperature and 100°C. 
4.4. FTIR Spectroscopy 
4.4.1. Carboxyl terminated alkyd resins 
The details of absorption bands of FTIR spectra of CTARs are 
given in table-4.11 and figure-4.27. 
Characteristics absorption bands in CTAR-1 may be attributed to as 
detailed below-
3551 cm"' to free hydroxyl stretching vibration, 
3072 cm"' and 3002 cm"' to aromatic -C-H stretching, 
1742 cm"' to -C=0 stretching vibrations for esters, 
1193, 1165, 1124, 1076, 1039 cm'toC-0 stretcliingconsists 
of two asymmetric coupled vibrations, 
1304 cm"' to esters of aromatic acids, 
1434 cm"' to C-O-H in plane bending, 
2953 cm"' to assymmetric methylene stretching, 
2843 cm"' to symmetric methylene stretching, 
842 cm"'to C-C stretching, 
958 cm"' to aromatic ring and 
1488 cm"' to bending vibration of-CH bonds in methylene 
group. 
Characteristics absorption bands in CTAR-2 may be attributed to as; 
detailed below-
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3539 cm' to free hydroxy I stretching vibrations (broad & 
lowered due to hydrogen bonding), 
3003 cm"' to aromatic -CH stretch 
1728 cm"' to -C=0 stretching vibrations for esters, 
1290, 1193, 1124, 1075 and 1039 cm'' to C-0 stretching, 
1290 cm"' to esters of aromatic acids, 
1434 cm"' to C-O-H in plane bending, 
2953 cm"' assymmetric methylene stretching, 
2844 cm"' symmetric methylene stretching, 
890, 841 and 818 cm"' to -C-C stretching, 
957 cm"' to aromatic ring and 
1434 or 1489 cm"' to bending vibration of-CH bonds in 
methylene group. 
Characteristics absorption bands in CTAR-3 may be attributed to 
as detailed below-
3555 and 3444 cm"' to -OH stretching vibration, 
3002 and 3072 cm"' to aromatic -CH stretch, 
1742 cm"' to-C=0 stretching vibrations for esters, 
1192, 1165, 1124, 1075 and 1039 cm"' to C-0 stretching, 
1304 cm"' to esters of aromatic acids, 
1434 cm"' to C-O-H in plane bending, 
2953 cm"' to asymmetric methylene stretching, 
2843 cm"' to symmetric methylene stretching, 
889, 842 and 818 cm"' to-C-C stretching, 
958 cm"' to aromatic ring and 
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1488 cm'* to bending vibration of-CH bonds in methylene 
group. 
4.4.2. Carboxyl terminated alkyd resins (CTARs) doped polyaniline 
The details of spectra of doped polyaniline with CTARs are given 
in table-4.12 and figure-4.28. Polyaniline doped with carboxylic 
terminated alkyd resins shows following additional peaks 
CTAR-1 doped polyaniline 2359 and 3391 cm"* 
CTAR-2 doped polyanihne 2358 and 3431 cm"* 
CTAR-3 doped polyaniline 2359 and 3244 cm"* 
which may be attributed to the -NH stretching of the amide group and 
-NHs^stretching respectively of polyaniline [16]. 
4.4.3. Polyoleic acid 
The FTIR spectra of polyoleic acid doped polyaniline at different 
concentrations are comparable with very slight variations in the intensities 
and positions of the absorption bands. The details of spectra of polyoleic 
acid and polyaniline doped with polyoleic acid are given in table-4.13 and 
figure-4.29 and figure-4.30. 
Characteristic absorption bands in polyoleic acid may be attributed 
to as detailed below-
2923 cm" 
2852 cm' 
1719 cm-
1468 cm" 
1328 cm" 
* to broad -OH stretching, 
to -C-H stretching, 
to normal dimeric carboxylic C=0 stretching, 
to C-O-H in plane bending, 
to C-0 stretching and 
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987 cm' to 0-H out of plane bending for dimeric carboxylic 
acid (slightly higher than normal). 
Characteristic absorption bands in polyaniline doped with polyoleic 
acid may be attributed to as detailed below-
2924 cm"' to assymmetric methylene stretching, 
1577 cm' to -C=0 of COOH (slightly lowered due 
to hydrogen bonding), 
1260 cm-' to 2" C-N stretching, 
1138 cm'toC-C stretching, 
491cm"'to C-C bending, 
819 cm'' to p-substitution on aromatic ring, 
2852 cm' to salt of 2° amine and 
1508 cm'' to C-0 stretching. 
4.4.3. Polystyrenesulfonicacid 
The FTIR spectra of polystyrenesulfonicacid doped polyaniline at 
different concentrations are comparable with very slight variations in the 
intensities and positions of the absorption bands. Details of spectra of 
polystyrene sulfonic acids and polyaniline doped with polystyrenesul-
fonicacid are given in table-4.14 and figure-4.31, 4.32 and figure-4.33. 
Characteristics absorption bands in polystyrenesulfonicacid may be 
attributed to as detailed below-
850 cm' and 880 cm-1 to aromatic rings, 
450 cm"' to -C-C bending, 
1004 cm' to -C-C stretching, 
1069 cm' and 1071 cm' to sulfonate salts and 
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2930 cm"' to aromatic -CH stretching. 
Characteristic_absoq)tioti bands Jn_polyaniline doped with poLy-
styrenesulfonicacid may be attributed to as detailed below-
2950 cm"' to aromatic -CH stretching, 
22900 cm"' to salt of 2° amine and 
1322 and 1337 cm"' to T -CN Stretching, 
883 and 851 cm"' to aromatic ring, 
1174 cm"' to Sulfonate salts, 
430 cm"' to -C-C bending and 
1006 cm'' to -C-C stretching. 
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Table-4.1. Yield, density, number-average molecular weight, degree 
of polymerization and solubility of carboxyl-terminated 
alkyd resins. 
Carboxyl-
terminated 
alkyd resins 
CTAR-1 
CTAR-2 
CTAR-3 
Yield 
(%) 
65 
72 
81 
Density 
(g/cc) 
1.125 
1.10 
1.01 
Mn 
6464 
2196 
6349 
D.P. 
32 
9 
27 
Solubility 
Acetone, 
methanol, 
chloroform 
and D.M.F. 
Acetone, 
methanol, 
chloroform 
and D.M.F. 
Acetone, 
methanol, 
chloroform 
andD.M.F. 
D.P. : Degree of polymerization 
Mn : Number-average molecular weight of carboxyl-terminated 
alkyd resins and 
D.M.F.: N,N-Dimethylformamide 
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-W'iWi^'^ =Q"^-
H — H 
Protonated blue pemigraniline Violet pemigraniline base 
•^>i^\^^ ^ « ^ 
H H 
Protonated green emeraldine 
H 
Blue emeraldine base 
+e 
H H 
Leucoemeraldine (Colourless) 
Figure-4.1. Different forms of Polyaniline and their interconversions. 
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Table-4.2. Temperature dependance of DC electrical conductivity of 
polyaniline doped with CTARs. 
Temperature 
°C 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
1/K 
3.3003x10"' 
3.2467x10"' 
3.1948x10"-' 
3.1446x10-' 
3.0959x10"' 
3.0487x10"' 
3.0030x10"' 
2,9585x10"-' 
2.9154x10"-' 
2.8735x10"-' 
2.8328x10"' 
2.7932x10"' 
2.7548x10"' 
2.7173x10"' 
2.6809x10"' 
2,6455x10"' 
2.6109x10"' 
2.5773x10"' 
2.5445x10"' 
2.5125x10"' 
2.4813x10"' 
2.4509x10"' 
2.4213x10"' 
2,3923x10"' 
2.3640x10"' 
Electrical conductivity (Scm"') xlO'^  
PANI: 
CTAR-
lA 
0.2217 
0.3884 
0,4206 
0.4743 
0,5548 
0.5904 
0.6089 
0.6672 
0.7112 
0.7476 
0.9148 
0.9329 
1.061 
1.1626 
1.2075 
1.3529 
1.4238 
1.7834 
2.5151 
3.2696 
3.3619 
3.5031 
3.6265 
3.9235 
4.1401 
PANI: 
CTAR-
IB 
0.8359 
0.7910 
0.9941 
1.0013 
1,1886 
1.2283 
1,3623 
1.5326 
1,6919 
1.8300 
1,9609 
2.0690 
2.3586 
2.7547 
2.8134 
3.0399 
3.3795 
3.6642 
3.8005 
3.9410 
4.0917 
4,3690 
4,6592 
4,9827 
5,2086 
PANI: 
CTAR-
2A 
2,3686 
2,5833 
2.7825 
3,1823 
3,5606 
3,7915 
4,1799 
4,5673 
5,1487 
5,7132 
6,5275 
7,1283 
8.0254 
9.0565 
9.7026 
10,8592 
12.2630 
13.4655 
14.7332 
16.0117 
17.9197 
19.5020 
20,5545 
22,0430 
23,5350 
PANI: 
CTAR-
2B 
1.4138 
1.5455 
1,6985 
1,7679 
1.7161 
1,5110 
1,3473 
1.4675 
1.4832 
1.2820 
1.3212 
1.4042 
1.5605 
1.6577 
2.0456 
2.4560 
2.4303 
3.8373 
5,3008 
5,8280 
6,3251 
7,1242 
7,9872 
9,0863 
10.0452 
PANI: 
CTAR-
3A 
0.2417 
0.2290 
0.2219 
0.2138 
0.2076 
0.2030 
0.3949 
0.3821 
0.3681 
0.3489 
0,5144 
0,5015 
0.4877 
0,4673 
0.6098 
0.6089 
0.6025 
0.7280 
0,7074 
0,8234 
0.7847 
0.7706 
0.8799 
0.9932 
11.0101 
PANI: 
CTAR-
3B 
0,1636 
0.1722 
0,1676 
0,1714 
0,1749 
0.1778 
0.1812 
0.3694 
0.3786 
0.3777 
0.3844 
0.3893 
0.59003 
0.59156 
0.7786 
0.9466 
11.1116 
12.6256 
14.1280 
15.3250 
18.0444 
19.9494 
21,5418 
22,7407 
25.2453 
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Table-4.3. Temperature dependance of DC electrical conductivity 
of polyaniline doped with polyoleic acid. 
Temperature 
°C 
30 
50 
75 
100 
125 
150 
175 
200 
1/K 
3.3003x10"^ 
3.0959x10"^ 
2.8735x10"^ 
2.6809x10"' 
2.5125x10"' 
2.3640x10"' 
2.2321x10"-' 
2.1141x10"' 
Electrical conductivity (Scm') xlO"' 
PANI: 
POA-
10 
0.576 
0.947 
1.932 
3.245 
5.589 
10.09 
24.54 
43.65 
PANI: 
POA-
20 
0.098 
0.105 
0.373 
1.226 J 
1.839 
3.853 
9.376 
6.287 
PANI: 
POA-
30 
0.047 
0.227 
0.273 
0.411 
0.883 
3.456 
7.638 
16.67 
PANI: 
POA-
40 
0.056 
0.089 
0.104 
0.120 
0.167 
0.567 
4.349 
7.127 
PANI: 
POA-
50 
0.039 
0.057 
0.073 
0.159 
0.354 
1.273 
1.658 
3.006 
PANI: 
POA-
60 
0.131 
0.166 
0.385 
0.933 
2.543 
7.481 
19.58 
82 
00 
CN 
CO 
CO 
i 
03 
csi 
ID 
csi 
CNJ 
CM 
< 
o 
CL 
z 
< 
Q. 
a 
v> 
3 
E 
0) x: k . 
< 
00 
t 
3 
i l 
00 
CO 
to 
in 
(mo/s) A;!A!)3npuo3 p 6o| 
CO 
CM 
CO 
CO 
CO 
CNI 
o o o 
CD 
cvi 
eg 
CM 
Csi 
o 
CM 
I 
< o 
Z 
< 
Q. 
O 
Q. 
(A 
_3 
'E 
x: 
< 
(D 
3 
oo 
oo 
in 
CO 
in 
t 
in in 
in 
«? 9 
(luo/s) AjjARonpuoo 6o-\ 
10
00
1T
 (K
) 
-
3.51
r 
' 
-
,
-
-
2 
2.
2 
2.
4 
2.
6 
2.8
 
3 
3.2
 
3.4
 
<><
><>
 
-4
~ 
~
 
<>
 <> 
<>
<>
 <>
o 
I 
~
 
-
4.
5 
- E
 ~ - ~ > := 
-
5 
u
 
<>
<>
 
:I
 
'tJ
 
<>
o 
c 0 u 
<>
<>
 
C
l 
0 
<>
 
_
, 
<>
<>
<>
<>
<>
 
-
5.
5 
"
'"
-
.
.
.
.
 
~
 
<>
 
<>
 
-
6-
Fi
gu
re
-4
.1
0.
 A
rr
he
ni
us
 p
lo
t f
or
 P
AN
I:P
O
A-
30
 
-
6.
5 
85
 
t 
o o o 
in 
csi 
CO 
CN 
^ 
< 
o 
Q. 
Z 
< 
Q. 
O 
a. 
0) 
3 
"c 
x: 
I-
3 
O) 
i l 
00 
en 
in 
CO 
in 
i 
in 
in 
9 in 9 
(uio/s) AjiAipnpuoo 6oT 
CO 
CM 
CO 
CO 
CO 
t 
o o o 
CM 
CNI 
o 
< 
O 0. 
Z 
< 0. 
£ 
a 
(0 
3 
"E 
0 
JZ 
C4 
i 
o 
3 
iZ 
00 
-e4-
i 
in to 
in «? in 
(uio/s) A i^Aifonpuoo Bon 
CO 
CO 
CNJ 
csi 
i 
csi 
CM 
csi 
o 
• 
< 
o 
Q. 
Z 
< 
0. 
O 
a 
m 
3 
'E 
x: 
k_ 
< 
CO 
•r-
i 
0> 
b. 
3 
D) 
iZ 
00 
00 
CM 
00 
in 
CO 
T in in in in S* 
in 
(uio/s) AjiAipnpuoo 6oi 
Table-4.4. Temperature dependance of DC electrical conductivity 
of polyaniline doped with polystyrenesulfonicacid. 
Temperature 
°C 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
1/K 
3.3557x10'' 
3.3003x10"' 
3.2467x10'' 
3.1948x10'' 
3.1446x10'' 
3.0959x10'' 
3.0487x10'' 
3.0030x10' 
2.9585x10'' 
2.9154x10'' 
2.8735x10"' 
2.8328x10"' 
2.7932x10"' 
2.7548x10"' 
2.7173x10"' 
2.6809x10'' 
2.6455x10"' 
2.6109x10"' 
2.5773x10"' 
2.5445x10'' 
2.5125x10'' 
2.4813x10'' 
2.4509x10"' 
2,4213x10'' 
2.3923x10'' 
2.3640x10'' 
Electrical conductivity (Scm'*) xlO'^  
PANI: 
PSSA-
10 
3.9355 
4,0678 
4.7226 
5.0293 
5.4852 
6,0509 
6,3485 
6,5195 
6,7940 
7,4473 
7,7452 
9,6333 
13,5405 
38.7261 
60,0509 
80,1993 
102,476 
153.715 
368,917 
7,8076 
8.1618 
9,6815 
9,4111 
12,2972 
14,6395 
16,7689 
PANI: 
PSSA-
15 
95.4320 
105.720 
123.119 
135.423 
138.726 
145.096 
149.678 
157.993 
161.584 
169.278 
177.742 
204.596 
227.510 
247.194 
158.535 
270.840 
PANI: 
PSSA-
20 
10.2150 
10.6744 
10.8465 
11.7980 
12,8911 
13.6777 
14.3082 
14.7260 
15.3419 
16.1397 
19.2139 
25.2183 
35,7073 
47,4697 
64,0464 
77,6748 
109,164 
403,909 
167,597 
118,448 
63,1108 
36,8194 
23,4694 
18,4443 
16,1567 
PANI: 
PSSA-
25 
0,8674 
0,8939 
0,9256 
0,9596 
0,9963 
1,0399 
1,0831 
1,1300 
1,1653 
1,2029 
1,2197 
1,2430 
1,2610 
1,2733 
1,2858 
1.3055 
1.2430 
1.1919 
1.1251 
1.0568 
0.9850 
0.9389 
0.8848 
PANI: 
PSSA-
30 
3.8298 
3.9533 
4.0851 
4,3051 
4,4619 
4,7015 
4,9284 
5,2076 
5,5039 
5,7808 
6.1482 
6.6365 
7.0164 
7.5650 
8.0627 
8.5902 
9.1005 
10.504 
8.0275 
7.2605 
6.4276 
5.2523 
2.4510 
2.2418 
1.4909 
1.4294 
89 
Table-4.5. Temperature dependance of DC electrical conductivity 
of polyaniline doped with polystyrenesulfonicacid. 
Temperature 
°C 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
1/K 
3.3557x10-' 
3.3003x10"' 
3.2467x10"' 
3.1948x10"' 
3.1446x10"' 
3.0959x10"' 
3.0487x10"' 
3.0030x10"' 
2.9585x10"' 
2.9154x10"' 
2.8735x10"' 
2.8328x10"' 
2.7932x10"' 
2.7548x10"' 
2.7173x10"' 
2.6809x10"' 
2.6455x10"' 
2.6109x10"' 
2.5773x10"' 
2.5445x10"' 
2.5125x10"' 
2.4813x10"' 
2.4509x10"' 
2.4213x10"' 
2.3923x10-' 
2.3640x10"' 
Electrical conductivity (Scm'^ ) xlO"' 
PANI:PSS 
A-35 
2.7845 
2.8167 
2.8278 
2.8562 
2.9056 
2.9476 
2.9846 
3.0130 
3.0913 
3.2572 
3.3372 
4.9365 
5.3533 
6.9934 
9.5749 
10.7673 
13.2099 
12.0394 
11.2780 
10.8492 
10.3757 
6.7137 
5.3735 
9.4481 
19.814 
PANI:PSS 
A-40 
27.0373 
27.7489 
28.4988 
29.3245 
30.1624 
31.0495 
31,9904 
32.4826 
33.5138 
35.1894 
40.6032 
42.0591 
43.5333 
54.4167 
56.9977 
59.9124 
63.5216 
68.0295 
29.8637 
28.1515 
26.6587 
24.9276 
24.2686 
22.3425 
19.6406 
14.5211 
PANI:PSS 
A-45 
55.7340 
57.9810 
59.9140 
62.2480 
64.7710 
67.8270 
72.2580 
77.3080 
85.0850 
96.5050 
107.3087 
125.0380 
145.2462 
175.3582 
221.2212 
287.5870 
479.3126 
798.8543 
1437.9378 
625.190 
422.922 
264.813 
234.957 
186.2613 
160.4841 
36.8702 
PANI:PSS 
A-50 
14.4064 
14,8474 
15.4792 
16.0770 
16.8213 
17.5300 
19,0640 
19.4688 
19.7319 
20.8590 
21.1122 
21.9050 
22.4112 
22.5800 
22.7601 
23.8811 
24.2790 
25.5569 
74.7048 
69.3687 
63.3366 
57.1272 
50.2325 
41,6212 
35.5303 
30.0359 
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Table-4.6. Activation energy( e V) of doped polyanilines. 
Sample ID No. Activation energy (eV) 
Polyaniline doped with carboxylic-terminated alkyd resins 
PANI:CTAR-lA 0.1055 
PANI:CTAR-IB 0.0751 
PANI:CTAR-2A 0.0948 
P ANI:CT AR-2B 0.0841 
PANI:CTAR-3A 0.0650 
PANI:CTAR-3B 0.1233 
Polyaniline doped with polyoleic acid 
PANI:POA-10 0.3149 
PANI:POA-20 0.1635 
PANI:POA-30 0.1635 
PANI:POA-40 0.2130 
PANI:POA-50 0.1375 
PANI:POA-60 0.2013 
Polyaniline doped with polystyrenesulfonicacid 
PANI:PSSA-10 0.1901 
PANI:PSSA-15 0.0527 
P ANI:PSSA-20 0.1359 
PANI:PSSA-25 0.0244 
PANI:PSSA-30 0.481 
PANI:PSSA-35 0.0689 
PANI:PSSA-40 0.0470 
PANI:PSSA-45 0.1230 
P ANI:PSSA-50 0.0496 
100 
Table-4.7. Stability of DC electrical conductivity of the polyaniline 
doped with CTAR-1 
Temperature 
°C 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
1/K 
3.2467x10"^ 
3.1948x10'* 
3.1446x10-' 
3.0959x10"-' 
3.0487x10-' 
3.0030x10"' 
2.9585x10"^ 
2.9154x10"' 
2.8735x10"' 
2.8328xl0"-' 
2.7932x10"-' 
2.7548xl0"' 
2.7173x10"-' 
2.6809x10"-' 
Electrical conductivity (Scin') xlO 
Cycle-1 
6.17 
6.91 
7.62 
8.26 
8,86 
9.46 
10.02 
11.95 
13.17 
14.48 
17.20 
18.25 
19.99 
22.01 
Cycle-2 
7.89 
8.79 
9.77 
10.74 
11.6 
12.50 
13.29 
14.87 
15.49 
16.98 
18.16 
19.35 
20.55 
21.42 
Cycle-3 
7.31 
8.05 
8.97 
9.89 
10.82 
11.68 
12.49 
13.21 
14.67 
15.17 
16.47 
17.62 
18.63 
20.38 
Cycle-4 
7.02 
7.97 
9.08 
10.18 
11.25 
12.34 
13.35 
14.11 
15.12 
15.91 
17.70 
19.15 
19.72 
21.11 
Cycle-5 
7.81 
8.83 
9.95 
11,06 
11.21 
12.19 
13.20 
15.07 
15.83 
16.68 
18.28 
19.00 
19,32 
21,79 
CycIe-6 
7,32 
8,98 
10,02 
10,20 
11,17 
12.20 
13.17 
14.98 
15.85 
17,54 
19,16 
19,77 
21,15 
23,42 
Table-4.8. Stability of DC electrical conductivity of polyaniline 
doped with CTAR-2 
Temperature 
In°C 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
In 1/K 
3.2467x10"' 
3.1948x10"' 
3.1446x10"' 
3.0959x10"' 
3.0487x10"' 
3.0030x10"' 
2.9585x10"' 
2.9154x10"' 
2.8735x10"' 
2.8328x10"' 
2.7932x10"' 
2.7548x10"' 
2.7173x10"' 
2.6809x10"' 
Electrical conductivity (Scm'^ ) xlO'* 
Cycle-1 
3.31 
3,51 
3,76 
3,95 
4,05 
4,13 
4,19 
4,28 
4,37 
4,74 
5,36 
6,53 
7,97 
8,82 
Cycle-2 
5,09 
5,66 
6,15 
6,82 
7,48 
8,20 
8,48 
9,16 
9,91 
10,5 
11,07 
11,77 
12.52 
13.16 
Cycle-3 
8.75 
9.55 
10.26 
10.77 
12.16 
12.59 
13.84 
14,54 
15,58 
16,17 
17,10 
18,32 
19,56 
20,61 
Cycle-4 
4,26 
4,85 
5.25 
5.95 
6.62 
7,28 
8,01 
8.71 
9.65 
10,33 
10,97 
11,88 
13,19 
13,72 
Cycle-5 
4,71 
5.27 
5.90 
6.40 
7.07 
7.76 
8.44 
9.54 
11.05 
11.67 
12.67 
13.23 
13.76 
14.85 
Cycle-6 
2.06 
2.34 
2,09 
2,16 
2,42 
2.71 
3.06 
3.43 
3.82 
4.07 
4.49 
5.05 
5.82 
6.73 
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-4.4 
-4.5 
I- First cycle from room temperature (35°C) to 100°C. 
II- Second cycle from room tempepiiture (35-C) to lOO'C. 
III- Third cycle from room temperature (35°C) to 100°C. 
IV- Forth cycle from room temperature (35°C) to 100°C. 
V- Fifth cycle from room temperature (35°C) to lOO^C. 
V£- Sixth cycle from room temperature (35°C) to 100°C. 
Note: Time difference between the cycles is one hour 
-4.6 ' 
E 
^ -4.7 
? -4.8 
•4.9 ' 
-5.0 
-5.1 
-5.2 
2.6 2,7 2.8 2.9 3.0 3.1 3.2 3.3 
1000/T(K) 
Figure-4.23. Stability plot of DC electrical conductivity for CTAR-1 
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I- First cycle from room tempercture (35°C) to lOC'C. 
II- Second cycle from room temperature (35°C) to 100°C. 
niird cycle from room temperature (35°C) to 1Q0°C. 
Forth cycle from room temperature (35°C) to 100°C. 
Fifth cycle from room temperature (35°C) to 100°C. 
Sixth cycle from room temperature (35°C) to 100°C. 
Note; Time difference between the cycles is one hour 
I I I 
IV-
V-
VI-
2.6 2.7 2.8 2.9 3.0 
1000/T(K) 
Figure-4.24. Stability plot of DC electrical conductivity for CTAR-2 
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Table-4.9. Stability of DC electrical conductivity of polyaniline 
doped with CTAR-3 
Temperature 
°C 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
1/K 
3.2467x10-' 
3.1948x10-' 
3.1446x10"' 
3.0959x10' 
3.0487x10"' 
3.0030x10"' 
2.9585x10"' 
2.9154x10"' 
2.8735x10"' 
2.8328x10"' 
2.7932x10"' 
2.7548x10"' 
2.7173x10"' 
2.6809x10"' 
Cycle-1 
2.64 
3.30 
3.48 
3,75 
4.29 
4.76 
4.83 
5.90 
6.77 
7.60 
8.63 
9.73 
10.75 
11.75 
Electrical conductivity (Scm 
Cycle-2 
2.81 
3.66 
3.73 
3,83 
4.77 
4.79 
5.90 
5.93 
7.01 
7.04 
7.06 
8.13 
9.22 
10.31 
Cycle-3 
4.09 
4.22 
4.58 
5,48 
5.58 
5.68 
5.92 
6.89 
7.06 
8.06 
8.36 
9.42 
10.72 
11.67 
CycIe-4 
3.04 
3.06 
3.07 
3.32 
4.51 
4.54 
4.55 
5.90 
5.9 
7.17 
7.28 
8.29 
8.41 
9.53 
•') xlO-^ 
Cycle-5 
2.67 
2.97 
3.96 
3.98 
3.99 
4.01 
5.38 
5.39 
6.74 
6.75 
8.13 
7.97 
9.22 
10.41 
Cycle-6 
4.70 
4.77 
7.90 
5.09 
6.27 
6.53 
6.64 
6.87 
8.27 
8.50 
9.61 
10.03 
11.36 
13.07 
TabIe-4.10. Stability of DC electrical conductivity of polyaniline 
doped with polyoleic acid (PANI:POA-30). 
Temperature 
°C 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
1/K 
3.2467x10'' 
3.1948x10'' 
3.1446x10'' 
3.0959x10'' 
3.0487x10'' 
3,0030x10'' 
2.9585x10'' 
2.9154x10'' 
2.8735x10'' 
2.8328x10'' 
2.7932x10'' 
2.7548x10'' 
2.7173x10'' 
2.6809x10'' 
Electrical conductivity (Scm'*) xlO"* 
Cycle-1 
1.3783 
1.4047 
1.4605 
1.5368 
1,6039 
1.7096 
3.4459 
3.5286 
3.5571 
3.6756 
5.1892 
6.6578 
7.9047 
8.6486 
Cycle-2 
0.9057 
0.9325 
0.9588 
0,9956 
1,0378 
2,1621 
2,2109 
2,2736 
2.3337 
3.5667 
3.6352 
4.9145 
4.9559 
6.2124 
Cycle-3 
0.8784 
0.8123 
0.8369 
0.8734 
1.8494 
1.9261 
2.0233 
2.0854 
3.2274 
3.3164 
3.4192 
4.6429 
4.7174 
5.9929 
Cycle-4 
0.9305 
0.9547 
1.0024 
1.0402 
1.0864 
1.1280 
2.3587 
2.4369 
2,5132 
2,6022 
3,9856 
4,0715 
5,4623 
6,8919 
Cycle-5 
0,8965 
0,9075 
0,94450 
0,9780 
1,0233 
2,1674 
2,2504 
2,3337 
2,4037 
2,4779 
3,7915 
3,8919 
5,3142 
6,7033 
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r i- Second cycle from room temperature (35°^) to 100°C 
IIT- Third cycle from room temperature (35°Q to lOO'C. 
IV- Forth cycle from room temperature (35°C) to 100°C. 
V- Fifth cycle from room temperature (35°C) to 100°C. 
VI- Sixth cycle from room temperature (35°C) to lOO^ 'C. 
Note: Time difference between the cycles is one hour. 
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Figure-4.25. Stability plot of DC electrical conductivity for CTAR-3 
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Table-4.11. FTIR peaks position (cm^) of carboxylic-terminated 
alkyd resins. 
CTAR-1 
651.21 
705.26 
746.45 
818.53 
842.28 
890.23 
958.23 
1039.52 
1076.02 
1124.74 
1165.20 
1193.02 
1304.63 
1434.51 
1488.84 
1579.27 
1599.89 
1742.40 
1916.67 
2093.49 
2593.64 
2843.67 
2953.95 
3002.72 
3072.44 
3551.31 
CTAR-2 
650.96 
678.79 
705.31 
744.74 
818.93 
841.98 
890.56 
957.81 
1039.52 
1075.22 
1124.91 
1193.44 
1290.86 
1434.73 
1489.24 
1579.50 
1599.88 
1728.08 
1917.20 
1957.12 
2033.82 
2092.47 
2636.42 
2844.42 
2953.97 
3003.48 
3539.18 
CTAR-3 
651.25 
705.18 
746.23 
818.29 
842.22 
889.90 
958.34 
1039.50 
1075.75 
1124.37 
1165.15 
1192.83 
1304.63 
1434.15 
1488.73 
1579.22 
1599.84 
1742.70 
1916.12 
2093.88 
2582.87 
2843.19 
2902.84 
2953.74 
3002.23 
3072.40 
3444.64 
3555.63 
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CTAR-1 
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Figure-4.27. FTIR spectra of carboxyl terminated alkyd resins (CTARs). 
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Table-4.12. FTIR peaks position (cm*) of doped polyaniline with 
carboxylic-terminated alkyd resins. 
PANIrCTAR-lA 
520 
725 
780 
875 
1136 
1297 
1395 
1500 
1584 
1640 
1712 
2359 
2853 
2922 
3391 
3620 
3650 
3700 
3785 
3850 
PANI:CTAR-2A 
415.01 
469.45 
674.77 
793.13 
1122.41 
1291.78 
1369.11 
1463.00 
1505.78 
1551.8 
1701.56 
2358.71 
2854.5 
2921.58 
3431.64 
3616.90 
3681.42 
3741.61 
3852.59 
PANI:CTAR-3A 
414.41 
505.29 
735.88 
820.77 
134.91 
1295.24 
1378.81 
1502.60 
1572.14 
1643.20 
1713.98 
2359.00 
2853.33 
2922.59 
3244.82 
3616.41 
*50.06 
3852.77 
-IN Table-4.13. FTIR peaks position (cm") of poly oleic acid and 
polyaniline doped with polyoleic acid. 
Polyoleic 
acid 
502.76 
582.63 
668.90 
721.98 
987.40 
1122.65 
1328.18 
1468.83 
1585.94 
1719.34 
2355.80 
2852.67 
2923.70 
3008.53 
3691.32 
PANLPOA 
-20 
491.89 
819.82 
1138.10 
12%.28 
1508.47 
1577.91 
2852.98 
2924.35 
PANI:POA 
-30 
503.47 
825.61 
1143.89 
1305.93 
1373.44 
146.90 
1585.63 
PANI:POA 
-40 
500.00 
700.00 
819.41 
1023.28 
1150.42 
1306.24 
1503.18 
1584.37 
2359.80 
2859.14 
2930.15 
3383.94 
3750.00 
PANLPOA-
50 
412.80 
509.25 
733.02 
829.47 
1143.89 
1304.00 
1494.97 
1585.63 
PANI:POA 
-60 
497.68 
825.61 
1141.96 
1300.14 
1494.97 
1585.63 
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Wavenumbers (cm-1) 
Figure-4.28. FTIR spectra of polyaniline doped with carboxyl 
terminated alkyd resins. 
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Figure-4.29. FTIR spectra of polyoleic acid and polyaniline doped 
with polyoleic acid. 
Ill 
PANI:POA-40 
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Figure-4.30. Continued. 
ll2 
Table-4.14. FTIR peaks position (cm-1) of polystyrene sulfonic acid 
and polyaniline doped with polystyrene sulfonic acid. 
PSSA PANI PANI PANI PANI PANI PANI PANI PANI PANI 
:PSSA- :PSSA- :PSSA- :PSSA- :PSSA- :PSSA- :PSSA- :PSSA- :PSSA-
1 2 3 4 5 6 7 8 9 
450 450 450 450 450 450 450 450 450 450 
577 578 500 578 578 576 524 524 575 500 
850 614 537 6ll 847 611 587 587 611 605 
880 851 687 850 886 847 699 699 850 699 
1004 883 718 886 1006 880 831 831 883 850 
1069 1006 875 1006 1067 1006 1050 1050 1009 975 
1071 1069 1005 1070 I 176 1070 1200 1200 1067 1025 
1281 1174 1187 1179 1207 1174 1450 1450 1174 1150 
1375 1283 1260 1283 1286 1286 1286 1325 
1437 1322 1437 2400 1322 1319 1500 
1468 1366 1500 2550 2400 
2930 1433 1600 2917 
1500 2300 ' ~ 
2500 2950 
2950 3050 
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PANI 
:PSSA-
10 
450 
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696 
834 
1175 
1365 
1550 
2300 
Polystyrenesulfonic acid 
3500 3000 2500 2000 1500 1000 500 
• Wavenumbers (cm-1) _ _ • 
Ftgure-4.31. FTIR spectra ot polystyrene sultontc actd and 
· polyaniline doped with plystyrene sulfonic acid. 
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Figure-4.32. Continued. 
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Figure-4.33. Continued. 
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CHAPTER-5 
> The dopants with long chain structure such as CTARs, 
polyoleic acid and polystyrenesulfonicacid were successfully 
synthesized in fairly good yield. 
> These kind of doping agents are expected to improve the 
mechanical properties as well as environmental stability and 
also expected to compatible with the polymer. 
> Polyaniline doped with these newer doping agents showed 
electrical conductivity in semiconductor region which followed 
Arrhenius equation for its temperature dependence. 
> Polyaniline doped with these newer doping agents showed 
fairly good stability in terms of electrical conductivity retention 
under severe oxidizing condition up to 100°C. 
> The materials were also characterized successfully by FTIR 
spectroscopy. 
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APPENDIX-I 
Electrical conductivity measurement by 4-in line probe method 
[n two probe electrical conductivity measurement system we face some general 
problems such as rectifying nature of metal-semiconductor contacts, the injection of 
minority carriers by one of the current carrying contacts which affects the potential of 
other contacts and modulate the conductance of the materials etc. But in case of 4-in 
line probe method we overcome this problem and it become the most satisfactory 
method to measure the electrical conductivity of semiconductors having variety of 
shapes. To use the 4-in line probe method we need to make the following 
assumptions-
(i) The electrical conductivity of the material is uniform within the area of 
measurements, (ii) If there is minority carrier injection into the material to be tested by 
the current carrying electrodes, most of the carriers recombine near the electrodes so 
that their effect on the conductivity in negligible, (iii) The surface on which the probes 
rest is flat with no surface leakage, (iv) The four probes used for conductivity 
measurement must contact the surface at points that lie in a straight line, (v) The 
diameter of the contact between the metallic probes and the material should be small 
then the distance between the probes, (vi) The surfaces of the material may be either 
conducting or non-conducting [(a.) a conducting boundary is one in which the bottom 
surface of the material to be tested is of much higher conductivity than that of the 
material itself This could be achieved by copper plating on the bottom surface of the 
semiconductor slice, (b.) a non-conducting boundary is produced when the bottom 
surface of the material to be tested is in contact with an insulator such as 
polytetrafluroethyene. ] 
The instrument consists of four devices-
1. Four-in line probes 
It consists of four individually spring loaded probes, coated with zinc at their tips. The 
probes are collinear and equally spaced at a probe spacing of 2 mm. The zinc coating 
and individual spring ensure good electrical contacts with the sample. The probes are 
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mounted in a teflon bush, which ensure good electrical insulation between the probes. 
A teflon spacer near the tips is also provided to keep the probes at equal distance. The 
whole arrangement is mounted on a suitable stand and leads are provided for current, 
voltage and temperature measurement. 
2. Voltmeter 
A digital micro-voltmeter with the following specifications-
Range-1 mV, 10 mV, 100 mV, 1 V, 10 V 
Resolution- 1 fiV 
Accuracy- ± 0.25% of reading ± 1 digit 
Impedance- > 10 MQ on 10 V range 
Display- 3/4 digits, 7 segment, LED (12.5 mm height) with autojtolarity and decimal 
indication. 
Overload indicator- Sing of 1 on the left and blanking of other digits. 
3. Low current source 
A battery operated low current source with the following specifications-
Current range- 0-100 fiA and 0-1 mA 
Accuracy- ± 0.25% of reading ± 1 digit 
Open circuit voltage- 15 V minimum 
Display- 3/4 digit LCD display 
Power- 3x 9 V battery 
4. Oven 
A small PID controlled oven for the variation of temperature of the material from 
room temperature to about 200°C with the following specifications-
Temperature range- Ambient to 200°C 
Resolution-0.\°C 
Short range stability- ± 0.2°C 
Long range stability- ± 0.5°C 
Measurement acci-iracy- ± 0.5°C 
Sensor- RTD (A class) 
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Display- VA digit, 7 segment, LED with auto polarity and decimal indication. 
Power- 150 W 
Conductivity measurement 
The sample is placed on the base plate of the 4-probe arrangement and the 
probes were allowed to rest in the middle of the sample. A very gentle pressure is 
applied on the probes and then it was tighten in this position so as to avoid piercing of 
the probes into the samples. The arrangement was placed in the oven. The current was 
passed through the two outer probes and the floating potential across the inner pair of 
probes was measured. The oven supply is then switched on, the temperature was 
allowed to increase gradually while current, and voltage was recorded with rise in 
temperature. The data so generated for the determination of electrical conductivity of 
the samples was processed for calculation of electrical conductivity using the 
following equation-
a = G7(W/S)/CTo 
-1 
where a is the electrical conductivity in Scm', G7(W/S) is a correction divisor [it is a 
function of thickness of the sample as well as probe-spacing and equals to (2SAV)ln2], 
W is thickness of the film (cm) and <5o= I/2V7cS where I, V and S are current (A), 
voltage (V), and probe-spacing (cm) respectively. 
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